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Abstract 
The aim of this work is to study the growth, modification and the properties of 
some carbon-based materials for electronic applications. The two particular chosen 
materials systems of this study are amorphous carbon or diamond-like carbon thin films 
and C60 materials. 
The properties of a-Si:H and a-C:H thin films have attracted much attention 
because these films have wide applications as electronic materials. However, the problem 
of the lower doping effect in a-C:H has not been resolved for long time. It has known that 
fluorine has very important role in a-Si:H:F films as hydrogen in a-Si:H and a-C:H films. 
One of the major works of this thesis is to investigate the role of fluorine in a-C:H:F 
films. Multiple-energy F+ implantation was performed to achieve relatively flat fluorine 
profiles in a-C:H films. It is found that all the optical and electrical measured properties 
show peculiar Cp dependence and either a maximum or sharp changes occur at a CF value 
around 1019cm'3. We concluded that fluorine implantation have two effects in a-C:H 
films. One effect is that the implanted fluorine atoms can significantly increase the ratio 
of sp3/sp2 sites and reduce the tt- * bands in a-C:H films, playing a role more like that of 
a dangling bond terminator as hydrogen in a-Si:H and a-C:H films. This effect can 
improve the doping efficiency in a^C:H films. Another effect is the heavy implantation 
damage due to fluorine implantation especially at high dose. The nonlinear electrical 
conductivities of a-C:H films were observed before and after fluorine implantation in 
electric fields up to 2.5x10s V/cm at temperatures from 100K to 450K. An empirical 
electric field experimental data well. The possibility of explaining the empirical relation 
via a variable-range hopping mechanism has been discussed. 
a2 
The discovery of C60 as the third allotrope of carbon has excited much interesting 
in the various research fields. The stability problem of the C60 in the air ambient has found 
and has considerably hindered the application prospective of this material. In this study, 
the effect of photoexcitation in oxygen and nitrogen ambient on C60 films were studied 
with various measurements, especial the ESR experiments. We found from ESR 
experiments that four stages can be identified during the process of photoexcitation of C60 
films in oxygen, i.e.. Ns«7t, indicating a diffusion limited process. In stage II, Ns was 
found to increase rapidly with the 4th power of irradiation time, i.e. Ns « t4. In stage HI, 
Ns was found to remain unchanged with time. At last, in stage IV, Ns increases again but 
linearly with time. These ESR results are discussed in conjunction with the results from 
FTIR and mass spectrometry experiments. 
The doping properties of C60 solid were of interest because of their many potential 
applications. Sn doped C60 samples were successful prepared with the co-evaporation 
method. FTIR and mass spectrometry measurements confirmed that Sn atoms did have 
reacted with C60 molecules to form SnxC60 compounds during deposition. The 
temperature dependence of the electrical conductivities of these Sn-doped C60 films show 
semiconducting behaviour in the temperature range from 20K to 420K and the 
conductivity type is n-type. A new ESR signal of g=2.0003 was observed for the Sn-
doped C60 samples besides the ESR signal of g=2.0024 normally observed for all the C60 
samples. 
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CHAPTER 1. Introduction 
I 
1.1 Overview of Some Carbon-Based Materials 
Carbon is the fourth most abundant element in the solar system, after hydrogen, 
helium, and oxygen. It is also detected in abundance in the universe. It is found mostly 
in the form of hydrocarbons and other compounds [Hugh 1993]. The two most familiar 
allotropes of the element carbon are diamond and graphite. It is only in recent years that 
many new members of the carbon family, in the forms of carbon cluster molecules known 
as the fullerenes, were discovered. 
The crystalline allotropes of carbon have many diverse properties because the carbon 
atom can form various types of hybridizations carbon- carbon bonds such as tetrahedral 
3 2 1 
(sp3 ) trigonal ( sp2 ) and sp1. Figure 1-1 shows the representation of sp - sp - sp -
hybridized carbon atoms [Robertson, 1986]. In the sp3 configuration, each of the carbon's 
four valence electrons is bonded to a tetrahedrally directed sp3 hybrid orbital. This forms 
a strong a bond with an adjacent atom. For instance, diamond the hardest-known material 
consists wholly ofsp3 sites. Its saturated bonding configuration produces the wide band 
gap of 5.5eV and low electrical conductivity. In the sp2 configuration, three of the four 
electrons are bonded to the trigonally directed sp2 hybrid orbitals which form a bonds. 
The fourth electron lies inapz (p:) orbital lying normal to the a bonding plane. The piu 
2 • 
orbital forms weaker 71 bonds. Graphite consists of hexagonal layers of sp sites and the 
layers are weakly bonded by van der Waals forces. It is one of the softest materials. In 
sp1 sites, only two of the electrons form a bonds, along Ox direction. The two other 
electrons are left in orthogonal py and pz orbital to form n bonds. 
Diamond is transparent to the visible spectrum, while graphite is opaque. Diamond 
is an electrical insulator, while graphite is a conductor. Fullerenes are different from either 
one. Unlike the sp3 and sp2 hybridizations, the fullerene hybridization is not fixed but has 
variable characteristics depending on the number of carbon atoms in the molecule. For 
1 
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example, the hybridization ofC60 is partially sp3 and partially sp2 with a pyramidization 
angle of 11.6° [Haddon 1992]. More about the discovery and properties of the fullerenes 
will be given in later sections of this chapter. 
The structures of carbon-based materials are very complex and have lots of varieties. 
The properties of carbon-based materials also vary and therefore can have many 
diversified applications in various fields. It is the aim of this work to study the growth, 
modification and the properties of some carbon-based materials for electronic 
applications. Therefore, we are especially interested in the electrical and optical 
properties of these materials. The two particular chosen materials system of this study are 
amorphous carbon or diamond-like carbon thin films and C60 materials. In the following 
sections, background about the research works on the growth, modification and 
characterization of these two carbon-based materials will be given in more details. 
[ J \ f 
^ J / ^ £ ^ 
SI? si? sp1 
Figure 1-1 Schematic of sp3, sp2, and sp1 hybridized atoms. 
2 
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1.2 Diamond-Like Carbon (DLC) Thin Films 
1.2.1 Introduction 
Currently one of the great interests in the researches of carbon-based materials is the 
development of methods to synthesize true diamond films for applications such as hard 
J coating films for cutting tools, and • heat spreaders" for electronic devices. High 
temperature chemical vapour deposition (CVD) and microwave plasma deposition are 
techniques which are widely used to produce diamond thin films. 
However, the deposition conditions for diamond thin films require temperatures 
higher than 800°C for CVD methods. The microwave deposition process does not 
require such high temperatures as these of CVD method. But temperature higher than 
400°C is still required. The high processing temperature associated with the production 
of diamond thin films has limited their applications on low melting point substrate 
materials such as plastics [Thompson 1989]. 
A new form of carbon coating is now available which is neither diamond films nor 
graphite materials. It is known as amorphous carbon (a-C, a-C:H) thin films. These 
films have great and very important commercial value not only because many of their 
physical and chemical properties are similar to those of diamond films, but also because 
their preparation is very simple and does not require temperature processing as that of 
diamond films. The properties of these amorphous carbon thin films are close to that of 
diamond in many aspects and hence they are also named as diamond-like carbon (DLC) 
thin films. 
Amorphous carbon films were first reported in 1971 by Aisenberg and Chabot 
[1971]. After this initial report, the study of DLC thin films has attracted huge amount 
of attention. The DLC films are found to exhibit good optical, physical and electronic 
properties including extreme hardness, chemical inertness, high dielectric strength, IR 
transparency, variable optical constants, and variable optical gap by varying the 
deposition conditions from 0.7eV up to 3eV. DLC films are also semiconductors. 
3 
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Meyerson and Smith [1980 1982] discovered that a-C:H films can be made conducting 
by adding dopants such as P B, and N. Therefore, DLC films have a wide variety of 
promising industrial applications. 
Many deposition methods have been performed to produce amorphous carbon and 
hydrogenated amorphous carbon coatings. These include R.F. glow discharge deposition, 
DC sputtering from graphite targets, direct ion beam impingement using hydrocarbon 
gases, microwave glow discharge thermal CVD etc. It has been demonstrated that 
DLC films can be deposited on substrates at temperatures slightly above room 
temperature. 
A comparison of the properties of graphite, diamond, and diamond-like films is 
summarized in Table 1-1 after Pierson 1993. From Table 1-1 it is clear that many of the 
properties of DLC thin film materials lie between that of the four-fold coordinated (sp -
bonded ) diamond and the threefold coordinated (sp2- bonded) graphite. However, as 
the structures of amorphous carbon films can be so much variable and complicated, their 
properties can also vary. This make the study of DLC films a topic of great research 
interest in the past decade. 
A band model of + a for a-C:H films was suggested by Robertson in 1986 which 
is now widely accepted today. Figure 1-2 shows schematically the density of states of 
a 71+(J electronic system appropriate to a-C:H films. The 7Z states, being more weakly 
bonded is close to the Fermi level EF than the a states. The filled n states form the 
valence band and the empty 71 * states form the conduction band. These determine the 
optical gap, Eopt=Ec-Ev of the material. 
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Table 1-1 Properties of Graphite, Diamond, and DLC. 
Graphite Diamond a-C:H 
(DLC) 
Composition Pure carbon Essentially carbon Up to 40 at. % 
(<1 at.% hydrogen) hydrogen 
Microstmcture Layered Crystalline Cubic Crystalline Amorphous 
1 3 2 1 
Atom-bonding state sp2 only sp only sp sp sp 
(variable) 
Density (g/cm3) 2.26 3.52 1.5 2.0 
Hardness (103 HK) Soft 10 1 5 
Electrical Resistivity 6 109 1012 106 1012 
(Qcm) 
Optical Band gap 0 5.47 0.8 3.0 
(eV) 
Stability Stable Stable Metastable 
Raman spectrum Sharp peak at Sharp peak at Broad humps at 
1580cm 1332cm 1330&1550cm 
Electrical Conductor Insulator Insulator 
conductivity ( ab direction) 
5 
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Fig. 1-2 A band structure mode for a-C:H films according to Robertson (1986). 
Most amorphous semiconductors are a-bonded, such as hydrogenated amorphous 
silicon ( a-Si:H). The electronic states can be divided into three types : extended, band 
tails, and deep states. These three types of states come from different physical process: 
extended states from long-range correlation and symmetry, band tail states from structural 
disorder, and deep states from structural defects [Dasgupta et al 1991]. 
The effects of disorder in a - bonded a-Si:H films are well known, specifically these 
by the dangling bonds which can be detected by means of electron spin resonance (ESR) 
measurements. Disorder effects in 71+(J system are much more complicated and have 
been studied only in recent years. Robertson [1989] suggested that 71 defects dominate 
in a-C:H films. The difference in the density of gap states between a-Si:H and a-C:H 
materials can be clearly observed from the energy dependence of the absorption 
coefficient which will be discussed in detail in Chapter 3. 
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In a-Si:H materials, the majority of the allowed band states consist of extended states 
and only the band edge states are localized. However, in a-C:H materials, the band edges 
are 71-like. This band structure for a-C:H implies that the doping effect in a-C:H is less 
efficient than in a-Si:H, This conclusion was confirmed by experiments [Meyerson and 
Smith 1980; Robertson 1986]. Fig. 1-3 shows a comparison of the variation of the room 
temperature activation energy of the conductivity with gas-phase dopant concentration 
for a-C:H film and a-Si:H film. The curve for a-C:H is taken from the work of Meyerson 
and Smith [1980] and that for a-Si:H is taken from that of Spear and Le Comber [1975]. 
From Fig. 1-3, it is observed that a larger dopant concentration is required for a-C:H 
films to achieve a large reduction in AERT. But the conductivity aR T for a-C:H can only 
be increased to 1(T7 Q^cm'1 • On the contrary, a value as high as lO^Q^cm"1 can be 
achieved in a-Si:H films. The doping effect and doping mechanism in a-C:H remain an 
important research topic on hard carbon films in recent years. 
7 
Chapter 1 Introduction -
1
 M M { i 1 ! 1 1 ( 1 ' 
tO_ ••_ a-Si:H a_C:H 
m m 
0.8 -
i U a t H • 
I u m / N ~ ^ ^ m ) \ I : 
f 
• 2 • ^^mm^ ^ 
m 
• [ imii^……ulMil ‘ -l-ll|l| I. - I ...1 ____•• i 1 1 1 l 1…”111 
1 10-2 104 101 104 10"2 1 
[B2H6]/[SiH4] [PH3]/[SiH4l 
[B2H61/[C2H2] [PH3]/[C2H2] 
Fig. 1-3 A conqjarison of the variation of the apparent room temperature activation 
energy, AERX, with gas phase dopant concentration for a-C:H and a-Si:H 
samples. 
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1.2.2 Applications of DLC films 
With reference to the discussions by Aisenberg and Kimock [1989], in the following, 
we summarize some main and important applications of DLC films: 
(1). Optical Applications 
Since the refractive index of DLC films is intermediate between that of Ge and air 
a diamond-like coating is capable of improving overall transmission by reducing the 
interfacial reflection losses. In fact, diamond-like coatings of controlled thickness have 
been used to improve the transmission of Ge infrared optics [Pellicore et al 1986]. 
Another merit of DLC films is their resistance to chemical attack. They are therefore 
considered for applications as protective coatings for laser optics to be is used in 
corrosive gases environment. 
DLC is also proposed to be used as a transparent protective coating for optical disks 
[Aisenberg and Stein 1981]. 
(2). Electrical Applications 
The high intrinsic resistivity, wide band gap and excellence thermal properties of 
DLC films make them a useful material for electronic device applications. There are even 
some advantages to using DLC rather than true diamond films such as low processing 
temperature and the absence of grain boundaries. For example, thin films silicon field 
effect transistors (FET) with insulating DLC films were fabricated [Aisenberg and Kimock 
1989]. 
(3). Chemical Applications 
Because of their chemical inertness, DLC films qan be used as a surface protection 
for material which are sensitive to air exposure because of oxidation and/or moisture 
absorption. 
(4). Thermal Applications 
The high thermal conductivity and high electrical resistivity of DLC films make them 
ideal for use as insulating layers in many high power and high density device applications 
9 
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which require thermal energy to be efficiently transferred away from the devices [Doting 
and Molenaar 1988]. 
(5). Mechanical Applications 
The hardness, smoothness, and low friction coefficient of DLC films suggest that 
coating of DLC films on the edges of cutting tools could improve their performance. 
Another important application of hard carbon coatings will be for wear protection of 
magnetic recording disks and thin film media [Hoshino et al 1989]. The diamond-like 
coating also protects the disk against chemical reaction with lubricating fluids. More 
information on these applications can be found in some excellent review articles [Grill et 
al 1991; Tsai and Bogy 1987 ]. 
1.2.3 The role of Hydrogen 
There are mainly two forms of amorphous carbon, the black coloured semiconducting 
films (a-C) produced by evaporation with an electron beam carbon arc or sputtering 
[Mclintock and Orr 1973], and hydrogenated amorphous carbon ( a-C:H) films produced 
by plasma deposition or ion-beam deposition of gaseous hydrocarbons [Anderson 1977; 
Weissmantel et al 1982] which can contain up to 50 at% of hydrogen bonded in the 
amorphous carbon matrix. It has been shown by a variety of techniques that a-C itself 
is predominantly sp2 bonded with an optical gap of 0.4-0.7eV [Hauser 1977; Wada et al 
1983 ]. 
The properties of amorphous carbon films depend strongly on their temperature of 
preparation and hydrogen content. Hydrogen, bonded as C-H, can represent as high as 
50 at% of the films depending on the method and specific parameters of deposition. 
Several analytical techniques, such as Fourier transform infrared spectroscopy (FTIR) 
[Grill 1992 ], Rutherford backscattering spectrometry (RBS), nuclear magnetic resonance 
(NMR) [Tamor 1991], and microcombustion can give useful information on the bonded 
hydrogen. FUR is the most commonly used measurement. The spectra in the band from 
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2750 cm"1 to 3100cm"1 is an absorption band for C-H stretch vibrations. The area of the 
absorbency per unit thickness following relationship as A= atC is directly proportional 
to the amount of bound hydrogen in that coating, where A is the area under the 
absorbency envelope, a is the absorption coefficient, t is the sample thickness, and C is 
the concentration of C-H bonds [Thompson 1989]. 
Most of the work on DLC films has involved attempts to modify, characterize, and 
optimize the film properties as a function of various growth parameters which has 
involved the deliberate introduction of hydrogen. The primary explanation for the role 
of hydrogen in a-C:H films was qualitatively similar to those hydrogenation effects in 
amorphous silicon and germanium. The incorporation of hydrogen into the film 
passivates dangling bonds, resulting in an increase in the resistivity and optical band gap. 
Nowadays, hydrogen is believed to play an important role in determining the bonding 
configuration. It helps to form the sp3 bond, probably in a manner similar to the formation 
of CVD diamond [Hsu 1988]. Couderc and Catherine [1987] suggested that the 
hydrogen tends to relieve the stress of the coatings by minimizing the transformation of 
sp2 and sp3 bonds. As a result, hydrogenation increases the band gap from 1.6eV to 3eV 
[Kaplam et al. 1985; Mckenzie et al. 1983; Dischler et al. 1983a] which lead to 
improvement of the diamond-like properties. The ratio of sp3 to sp2 sites as a function of 
the hydrogen content is shown in Fig. 1-4 (a) [Angus and Jansen, 1988]. 
FTIR [Dischler 1983b] and Raman pillon et al 1984] spectroscopy show that as the 
anneal temperature increases, the content of chemically bonded hydrogen decrease. 
2 3 
Hydrogen starts being driven away from the films at about 400°C. The ratio of sp to sp 
bonds increases and the films become optically absorbing and electrically conductive 
similar to graphite. This effect is clearly demonstrated by the dependence of the 
resistivity and optical band gap on the annealing temperature and thus the hydrogen 
content in the films. As shown in Fig. 14(b) c), (d) are respectively the optical gap, the 
percentage of sp3, sp2 and sp1 carbon sites and the room temperature conductivity as a 
11 
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Fig. 1-4 (a) the ratio ofsp3 to sp2 sites vs the hydrogen content, (b) the optical 
band gap, (c) the sp3, sp2 and sp1, (d) the room temperature conductivity 
vs the annexing temperature ( after Koidl et al. 1989). 
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function of anneal temperature [ Koidl et al 1989]. 
1.2.4 The role of fluorine and the scope of this work 
Before going into the scope of this works we shall first discuss the role of hydrogen 
and that of fluorine in amorphous silicon. Hydrogenated amorphous silicon was first 
made and investigated by Chittick et al. in 1969. Pure or nonhydrogenated amorphous 
silicon (a-Si) contains many dangling bonds or broken bonds that create a large density 
of localized states throughout the energy gap of the semiconductor. The role of hydrogen 
was first mentioned in 1975 by Triska et al. The basic difference between a-Si and a-
Si;H was pointed out by Fritzsche and Tsai [1978] who showed that the hydrogen 
content in the a-Si:H films prepared by the R.F. glow discharge was about 10 at%. The 
localized gap states in their films was reduced by orders of magnitude by the 
incorporation of hydrogen. The fact that hydrogen can terminate dangling bonds and 
remove the localized states from the energy gap was subsequently confirmed by many 
research groups. Madan and co-workers [1981] pointed out that the density of localized 
states in a-Si could also be reduced by the introduction of fluorine, which has a larger 
electronegativity than hydrogen. They produced a-Si:F:H alloys which indicated that the 
density of states decreases by about an order of magnitude in comparison with a-Si:H 
alloy. 
The stability of a-Si:H thin films is a major concern for photovoltaic devices 
applications. Many research groups have studied a-Si:F films for applications in Mis-
type devices [Madan et al. 1981] and solar cells [Staeble et al 1981; Kuwano and 
Ohnishi, 1981]. They found that the a-Si:F:H devices have no distinguishable changes in 
the characteristics of the device in comparison with a-Si:H devices after longer time 
illumination. 
They reported that a-Si:F:H could be fabricated with desirable properties from a 
photovoltaic point of view which has aroused considerable interest. The preparation of 
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a-Si:F:H films are mainly through glow discharge method using the mixtures of SiF4/H2 
[Madan, 1981], SiF4/SiH4/Ar and S i F ^ A r [Detal etal. 1981]. Sputtering of Si in SiF4 
[Matsumura et al. 1980] and CVD of SiF4 gas [Janai et al. 1981] have been also 
attempted. Doping of a-Si:F:H films also can be obtained by fluorine ion implantation 
into a-Si:H films prepared by R.F. glow discharge technique [Wong et al 1994]. The 
properties of a-Si:F:H films are summarized in the following. The density of states 
decreased by about an order of magnitude in comparison with a-Si:H films. The low 
density of states for a-Si:F:H enables this materials to be readily doped [Madan and 
Ovshinsky 1980]. They also reported that the room temperature conductivity can be 
changed by orders of magnitude with PH3 and B ^ gases doping for a-Si:F:H films. The 
most heavily n-type doped results in the conductivity exceeding 1 Q'^cm' • 
What is the role of fluorine in a-Si:F:H films? Delal et al [1981] have given a model 
to explain this. They suggested that a-Si films grown from SiF4 and H2 mixtures are 
subjected to strong reactive ion etching with net growth rate being determined by a 
balance between deposition and etching. They considered the reactive ion etching effect 
during the growth ofa-Si:F:H alloys in comparison with the growth of a-Si:H alloys. The 
model indicated that F+ can etch the weakly-bonded Si atoms and hence produce fewer 
dangling bonds for hydrogen to satisfy. It is possible that fluorine could also etch the 
weakest Si-Si bond and hence promote an increase in the band gap. 
Having the above discussions for a-Si:H:F in mind, now then it is a natural question 
to ask about what will happen if fluorine is introduced into a-C:H films and what is the 
role of fluorine in a-C:H films? Will it also have the ability to etch the weakly bonded 
carbon atoms in the a-C:H films and hence produce fewer dangling bonds? 
In the previous section, it has been mentioned that a-C:H thin films have many 
industrial applications. However, they cannot be used in higher temperature ambient 
because of their poor thermal stability above 300°C at which hydrogen atoms start to 
escape. One possibility to improve the thermal stability may be replacing the hydrogen 
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by an element with a higher binding energy to carbon, such as fluorine. Joshi et a/. [1988] 
I used CgH^  and QH^Fg as the source gases to prepare a-C:H:F films by rf glow discharge 
technique. The films are colourless, electrically insulating ( > 109 Qcm), and corrosion 
resistant. The resistivity value remained stable even after annealing till 500°C. Further 
on, Leidich et al. [1992] obtained a-C:H:F films by dc magnetron sputtering and found 
that a-C:H:F films were more compact. It exhibits a higher stability to ambient 
temperature than a-C:H films. Amorphous fluorohydorgenated carbon layers were 
deposited using an expanding thermal arc plasma, burning in argon with a fixed flow of 
I: 
acetylene and tetrafluoromethane by Gielen et al [1995] and CF, CF2 and CF3 bonds 
were observed between 1000 to 1400 cm1 by FTIR technique. When more CF4 is added 
to the plasma, C-Fx bonds are found to replace more 0 ¾ bonds. 
Finic et al. [1987] have studied the a-C:H,F films prepared from benzene or 
fluorinated benzene glow discharge system onto negatively self-biased substrates. They 
reported on the investigations of the physical properties and the microstructures of these 
fluorinated hydrogenated amorphous carbon films. They found that the deposition rate 
increases by an order of magnitude when going from the a-C:H to the a-C:F films. This 
can be explained by the lower ionization potentials of fluorinated benzene. The 
microstructures ofa-C:F films is similar to that of a-C:H films. About 1/3 of the carbon 
atoms are in sp2 configuration while 2/3 of them are in sp3 configuration. It is revealed 
that relatively more F atoms are bonded to sp3 C atoms than to sp2 C atoms. There are 
also a few reports in the literature on the studies of a-C:H:F films preparation by the ion 
implantation method. A recent study of the doping effect of a-C:H films by ion 
implantation in our laboratory [ Wong and Peng. 1990] has found that the electrical 
conductivity at room temperature of the BF2+-implanted samples is much higher than that 
of B+-implanted samples. This is opposite to the result from the activation energy. Has 
fluorine the ability to increase the doping effect in a-C:H films? As we know, the doping 
effect of a-C:H is much lower than that ofa-Si:H (see Fig. 1-3). Therefore it is of great 
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interest to study the effect of fluorine in a-C:H films. 
What is the role of fluorine in a-C:H:F films? What is the mechanism of the doping 
effect of fluorine if any, in these films? Can these effects be understood in a similar way 
as those in a-Si:H films? It is one of the major aims of this thesis to answer these 
questions. In this work, we shall perform a study of the fluorine-implanted a-C:H thin 
films from the growth and modification to the characterization of these films using various 
methods, especially those of such as both optical and electrical measurements. 
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1.3 Fullerenes 
1.3.1. Introduction 
people have speculated about the possible existence of allotropes of carbon other 
than diamond and graphite for many years but attention has been focused on other 
conceivable extended structures. In 1985, Kroto H.W. together with Smalley R.E. 
discovered some large carbon molecules such as C60 in their originally research aiming at 
the study of the forms of interstellar molecules from carbon. According to the time of 
flight mass spectrometry, they predicated its structure to be that of a hollow soccer ball 
without any dangling bands. Because of the similarity between the geometry of C60 and 
the structure of the Geodesic Domes designed by Buckminster Fuller, C60 and other 
carbon cages C2n was also named Buckminsterfullerene, or flillerene or bucky balls in 
honour of this late architect. Since then the discovery of the C60 has made surprise and 
excitement. It has attracted big interests of scientists in a large variety of areas. However, 
nearly all C60 research in the early stage was limited to theoretical studies due to the lack 
of efficient productions of C60. All of this changed dramatically when Kratschmer and co-
workers [1990a] reported that macroscopic amounts of the compound C60 along with 
mixtures of other C^ species, could be isolated from carbon soots produced by the 
vaporization of graphite. Scientists realized that this third carbon allotrope is probably 
as old as graphite and diamond. After that, the molecular structure of C60 as a hollow 
sphere with a nearest neighbour spacing of 10A was confirmed by the first X-ray 
measurement [Kratschmer etal. 1990b]. Its icosahedral structure was further confirmed 
by infrared and Raman spectra measurements by many scientists [Bakowies et al. 1991; 
Huffman 1991]. 
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1 In Fig. 1-5 (a) a schematic of a C60 molecule structure is depicted. Fig. 1 -5 (b) shows 
the C70 and C240 fullerene molecules [White et al. 1992] for comparison with the C60 
molecule. C60 is the most abundant and first discovered member of the fullerenes family. 
It is a soccer-ball shaped molecular made of 20 hexagons and 12 pentagons arranged as 
a truncated icosahedron. Theoretical calculations [Saito and Oshijama 1991; Martins et 
al. 1991] and detailed experiments [Skumanich 1991; Miller et al. 1991] have revealed 
that the crystalline form of a pure C60 solid is of a fee structure. It is a direct band-gap 
semiconductor in bulk form with a band gap of about 1.9eV. At room temperature, C60 
is effectively an insulator, just like pure silicon. The vibrational modes of a C60 molecule 
lead to four main IR absorption bands at 1429, 1183, 577, and 528cm'1 [Kratschmer et 
al. 1990b]. The bucky balls are only weakly bounded to each other by van der Waals 
forces. Unlike the sp3 and sp2 hybridizations, the Merene hybridization is not fixed but 
has various characteristics depending on the number of carbon atoms in the molecule. 
The hybridization ofC60 is partially sp3 and partially sp2, with a pyramidization angle of 
11.60 [Haddon 1992]. 
During the synthesis of C60, large molecule fullerenes Cn (n>60) are also formed. 
Significant quantities of C70 C76, C78 and C^ have also been isolated and studied on some 
details [Ajie et al. 1990]. The carbon clusters as large as C240, C330 and cluster in the 
range C600-C700 have also been observed in the mass spectra [Maruyama et al 1991; 
Smalley 1992]. Today, six years after the discovery of the method by Kratschmer and 
Huffinan for the synthesis and extraction of fullerenes, the studies on the properties of 
fullerenes have made enormous progress including not only pure fullerenes, fullerene 
derivatives- fullerenes with chemical attachments, and endofullerenes-fullerenes with 
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Fig. 1-5 (a) Schematic of a C60 fullerene molecule. 
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Fig. 1-5 (b) Schematic of a C70 and C240 fullerene molecules. 
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atoms captured within the closed carbon shells, but also other types of giant Merenes 
such as nanotubes- a new type of finite carbon structure consisting of needle-like tubes 
with capped ends and onions- nearly spherical concentric multilayers. Currently, 
significant progress is still being made in a rapid pace on the understanding of the 
important physical and chemical properties of Merenes. 
1.3.2 Applications 
The discovery of superconductivity in alkali doped C60 films [Haddon etal. 1991] 
has generated new excitement throughout the solid-state physics and materials research 
field. A few reviews on the superconductivity in Merene materials have been appeared 
in the literature, especially in several alkali-metal-doped C60 compounds, such as K3C60 
(Tc=19.3k) [Holczer etal 1991], Rb3C60 ( Tc= 30K) [Chen etal 1991; Fleming etal 
1991b], and Cs^byCgo ( TC=33K) [Tanigaki et al 1991]. It is worthwhile to point out 
that alkali- metal and alkali-metal-doped C60 compounds are extremely air-sensitive. This 
brings many difficulties to the preparation and characterization of the samples and also for 
their further application. Therefore, it is of interest and significance to find 
superconducting C60 compounds from non-alkali-metals with less or no sensitivity to air. 
Since 1992 it has been discovered that superconductivity in the Merides is not limited 
to alkali cations. C^C60 is a superconductor with a Tc of 8.4K [Kortan et al 1992a] and 
Ba6C60 is also a superconductor below a transition temperature of 7K [ Kortan, et al., 
1992b]. Iqbal et al [1992] reported that superconductivity in K/Ti or Rb/Ti-codoped C60 
compounds has a transition temperature of48K for Rb^Ti^ Cgo- This is the highest record 
of Tc for the Merenes up to now. 
Superconductivity in Sn-doped C60 samples have also been reported by Gu and co-
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workers in 1992 [Gu et al 1992]. They found that a sharp decline in the temperature 
dependence of the AC susceptibility occurs at about 20K with a maxima superconducting 
onset temperature of 37K in their sample. 
It is known that diamond films have wide applications in the protective coating and 
electronic industries. However, people have found that some of the basic growth 
requirements have limited the commercial utilization of CVD diamond films . These 
include the high substrates growth temperature required, and the necessity of pretreating 
nondiamond substrate by polishing them with diamond grit [Yarbrough et al 1989; 
Lijima etal. 1990]. This treatment before deposition is essential to obtain a high enough 
initial nucleation density of diamond crystallites on the substrate to form continuous films. 
Fullerenes has partial sp3 carbon-carbon bonding characteristic which is close to diamond, 
and are hence expected to be able to improve diamond film adhesions if they are used to 
form an intermediate layer which can bond strongly to both the diamond film and the 
substrate [Meilunas and Chang 1991 1994]. Compared with other forms of carbon, such 
as graphite, amorphous carbon, soot, etc., it was found that the nucleation density on 
C70,60 films is equivalent to that of diamond seeds themselves on a variety of substrate 
surfaces, including metal, insulator and semiconductors [Li et al 1995]. It was found 
by Li and co-workers [1995] that a buckytube coating can also significantly increase the 
nucleation density and hence the deposition rate as well as the quality of diamond films. 
Fullerenes can not only be used as an intermediate layer to improve diamond layer 
deposition, but can also transform into diamond or graphite under suitable conditions. 
Duclos and co-workers [1991b] first reported the transformation of C60 fullerenes into 
other forms of carbon such as diamond graphite, amorphous carbon, and other 
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transparent phases under the application of static and/or shock high pressure. Yoo et al 
also reported similar results in 1992. Hirai and Kondo [1994] successfully synthesized 
amorphous diamond from C60 Merenes by rapid cooling techniques. The peak pressure 
was about 53 GPa, and the cooling rate was estimated to be 1010 K/s. At a shock pressure 
of 53 GPa, numerous diamond crystallites were obtained. That study demonstrated that 
C60 fullerenes transformed to diamond not through graphite but through an amorphous 
state. 
Fullerenes films have also some useful optical applications. As a novel 
semiconductor, the photovoltaic response of C60 has been extensively studied in recent 
years. Uchida and co-workers [1991] reported that the electroluminescence in Merene 
electroluminescent diode emits visible to near-infrared light with a dull peak at around 
530nm. Miller et al [1991] reported that solvent-cast films of C60 on noble-metal 
electrodes show the photovoltaic response similar to typical n-type semiconductors. 
Yonehara and Pac [1992] found that C60 thin films sandwiches between Al and Au 
electrodes exhibit rectification after exposing the cell to air. 
In 1994 Lee et al reported fast nanosecond transient photovoltaic response and 
steady-state photovoltage of rectifying Al/C60/Au sandwich devices. The transient 
photovoltage changes polarity at a critical light intensity. This ability to change the 
polarity of the transient photovoltaic response and to control the intensity at which the 
polarity changes sign offers potential for use in applications of fast nonlinear 
optoelectronic detectors. 
There are many other and increasing number of predications for the novel applications 
of fullerenes, such as the controller of AIDS and other virus, hydrogen storage for fuels 
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and batteries, fibers, and as a basis of three dimensional chemistry which is expected to 
surpass the utilization of benzene. There, however, will not be further discussed in this 
thesis. 
1.3.3 The oxygen effect, the metal doping effect and the scope of this 
study 
We have introduced in the previous sections C60 discovery, the structure and some 
of the main applications of the Merenes especially of C60. It is known that the field of 
fUllerenes studies have made fantastic progress during the past several years. The 
stability ofC60/70 has been a topic of interest since Taylor et al [1991] first reported that 
C60 in a 02-saturated solution of benzene reacts with oxygen when it was illuminated with 
ultraviolet light. Duclos et al [1991b] also discovered that C60 will quickly absorb 
oxygen in the presence of oxygen gas or air. They measured a shift of the Raman peak 
after several minutes of oxygen exposure. Assink [1992] and co-workers concluded from 
high resolution 13C NMR spectroscopy that oxygen molecules will diffuse into and occupy 
the octahedral interstitial sites of the fee C60 lattice when solid C60 is exposed to 1 Kbar 
of 0 2 at room temperature. The reaction of molecular oxygen with solid C60 was first 
investigated by Kroll et al [1991] by XPS studies of oxygen condensation on the surface 
of multilayer films of C60 on solid substrate. They found that photo-assisted reactions led 
to the surface formation of CO, C02? carbonyl groups, and possibly amorphous carbon. 
Arai et al. [1992] studied the dependence of the resistivity of a C60 monocrystal as a 
function of exposure to oxygen ambient. They reported that a few percent of oxygen 
molecules is absorbed in C60 crystals at ambient pressure and temperature. It will be 
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desorbed above 300°C in vacuum. This process is reversible. On absorption of oxygen 
the resistivity of a C60 single crystal can increase by a factor of more than 104. This is 
plausibly ascribed to the donor compensation by oxygen acceptors. Subsequently, ESR 
signals were obtained for the C60 samples in powder and in benzene solution, by 
irradiation with Xe lamp in one atmosphere of oxygen ambient [ Kawata et al 1992]. 
It was shown that the ESR signal with g-value of 2.0026 and a derivative peak-to peak 
width of about 0.175 mT. This was clearly observed after the irradiation. The electronic 
ground state of C60 is known as a singlet state. This means that C60 is ESR silent. The 
observed g value of2.0026 is characteristic of carbon-centred radicals. This fact indicated 
that C60 is reactive with oxygen by irradiation of light and produces the radical which 
gives the ESR signal. The oxygen effects on solid C60 and other fullerenes have attracted 
much more and more attention in recent years. In 1993 Eloi and co-workers found that 
oxygen was uniformly distributed throughout the entire film when samples were irradiated 
for one hour with either a 488nm Ar ion laser or Xe lamp in the presence of 1 atm of 
0 2 from resonant alpha particle scattering reaction measurement. This uptake was found 
to be both power dependent and reversible. Matsuishi et al [1994] used Raman spectra 
to investigate the effect of the condensation of C60 molecules into the solid forms as 
well as the effect of oxygen on the vibrational modes in solid C60 in the temperature range 
from 18K to 300K. It has been found that some vibrational modes are strongly enhanced 
after oxygen exposure at room temperature. They believed that the oxygen diffusion into 
the fee lattice of the high-temperature phase could produce a change in the electronic 
state somehow through the slowing of molecular rotation and / or the modification of 
crystal field due to a symmetry change. The change in the electronic state could also 
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occur through the structural phase transition. 
As far as we know, the oxygen effects on the properties of fullerenes as well as on 
the structural phase transition have not been fully understood and remain the topic of 
intensive research. One of the aims of the present work is to study the effect of oxygen 
and nitrogen in the photoexcitation of C60 thin films. ESR has been employed as the 
major technique for this study. Other analytical methods such as FTIR and mass 
spectrometry have also been used to characterize these films. 
Another topic of the present work is on the studies of electrical and defect properties 
of Sn-doped C60 thin films. It has been known that undoped C60 solid is effectively an 
insulator with a band gap of about 1.9eV [Skumanich 1991]. Recent experiments of 
photoemission and inverse photoemission have given the energies of 2.3 eV [ L o f ^ al 
1992]. Therefore, to make C60 and other Merenes conducting, doping is necessary. 
The discovery of superconductivity at 18K of K3C60 [ Haddon et al 1991] has stimulated 
many investigations on the doping of fullerenes. The most common and successful 
technique for the preparation of doped C60 samples is the vapour diffusion method [ Meng 
et al. 1992 ] which will be introduced in detail in the next Chapter. 
There are many other reports on the formation of Merides with various methods and 
various metals other than alkali such as Ca-doped [Kortan et al 1992a ] and Ba-doped 
[Kortan et al 1992b] C60 materials by heating the pellets of Ca or Ba together with C60 
mixtures. Gu and co-workers [1992] reported that the discovery of superconductivity 
in Sn-doped C60 samples by AC susceptibility measurements. The Sn-doped C60 
compounds were prepared by grinding the mixture of C60 and Sn powders with the ratio 
ofC60/Sn= 1/4 in a glove box and then sealed the resulting powder in a Pyrex tube in a 
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vacuum to avoid oxidation of the powders during the subsequent heat treatment. 
However, Deng etal. [1992] demonstrated that there is no metallic conduction observed 
in their Sn-doped C60 films obtained by annealing a 100A thick C60 film with 6A thick Sn 
overlayer at 200°C. The peak positions in the valence band of the C Is core level spectra 
of the Sn-doped C60 films are the same as that in pure C60 films. This indicates that there 
is no electron transfer between Sn and C60. Therefore, the interaction of the valence 
bands between Sn and C60 is very weak. Hoshimono et al. [1993] first successfully 
• 
fabricated metal-doped C60 films by the vacuum co-evaporation method by putting the C60 
powder and metal such as In or Sb into different boats and heating at same time. In this 
work, we also prepared the Sn-doped C60 film by the co-evaporation method. Through 
controlling the temperatures of the boats containing Sn and C60 separately, thin films of 
C60 with different Sn content can be obtained. The characterization of these Sn-doped 
C60 samples was performed using optical, electrical, structural, and electron spin 
resonance experiments. These results will be compared with other research works on the 
Sn-doped C60 samples. 
1.4 Organization of This Thesis 
In the next chapter, the experimental methods for the sample preparation, 
modification and characterization will be described in details. Then in chapter 3, chapter 
4 we shall present the results and discussions on the study of the fluorine implanted a-C:H 
thin films and those of the C60 thin films, respectively. Conclusion will be given in 
chapter5 and finally in the last chapter 6 we shall give some suggestions on some related 
possible future works. 
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CHAPTER 2 Experimental 
2.1 Sample Preparation and Thin Films Deposition 
2.1.1 Hydrogenated amorphous carbon thin film 
Hydrogenated amorphous carbon thin films can be deposited by low-energy carbon 
ion beam dual beam and ion plating techniques, RF sputtering, RF and DC plasma 
decomposition of a hydrocarbon gas or other alranes and solid carbon. Among these 
techniques capacitively coupled RF glow discharge system is the most commonly used 
method for amorphous thin films deposition. In this work we will concentrate on the 
deposition of DLC films with a capacitively coupled RF glow discharge method. 
The capacitively coupled RF glow discharge was first designed by Knights in 1976. 
The upper electrode holding the substrate can either be connected to the RF ground 
potential or to the " hot" rf electrode via the matching network and a coupling capacitor. 
The advantages of this system are the relatively easy and very uniform deposition of 
large area specimens. The diameter of each circular stainless steel electrode is 8cm and the 
electrode spacing is 3 cm. The lower electrode is grounded. Gases feed rates are 
controlled by needle valves and rotameter. The entire system is pumped down with a 
rotary pump. It can keep a stable pressure in the vacuum chamber for long deposition 
times. 
By varying process parameters such as the cathode voltage, reactant partial 
pressure gas flow rates, pumping speed, substrate temperature, discharge frequency, and 
electrode spacing, a-C:H films with different structures and physical properties can be 
deposited. Of these parameters, the cathode voltage, which determines the energy of the 
film forming hydrocarbon ions is especially important. It is found to have a strong 
influence on the structures and properties of the deposited a-C:H films. The variation of 
the cathode voltage from 200V to 1300V leads to a large variation in the individual film 
properties. 
A schematic picture of the apparatus used for plasma deposition of a-C:H films is 
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shown in Fig. 2-1 which is used to produce the films for this research work. The typical 
deposition conditions used in this thesis work are summarized in Table 2-1. 
By using these deposition conditions hard a-C:H films with smooth surface 
topography, high electrical resistivity, and an optical band gap of about 2 eV can be 
obtained. The film thickness was determined to be about 1 ^ m using an Alpha-Step 100 
surface profiler. 
Table 2-1. Typical deposition parameters for the a-C:H films. 
--1 I 
Substrate 7059 glass or Quartz 
Discharge Frequency 13.56 MHz 
I j 
Discharge Power 64 W 
Q 
Deposition Temperature 100 C 
Total Pressure 2x 10-1 torr 
Gas CH4 
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Fig. 2-1 Schematic of the RF discharge apparatus. 
29 
Chapter 2 Experimental 
“ 
2.1,2 The Fullerenes and C60 synthesis 
In early 1990, Kratschmer and his co-workers reported the evidence for the presence 
of Cgo in a sample of carbon dust prepared from vaporized graphite. They were able to 
separate a macroscopic quantity of C60 and C70 from the soot. This discovery has led 
to the world wide use of similar techniques to produce Merenes. There are mainly two 
types of methods which are used to synthesize Merenes either evaporation of carbon 
by using resistive heating or an arc discharge source. Both of them can produce 
carbon soot. 
(A). Resistively heated graphite filament method 
Figure 2-2 shows a schematic of the experimental set up of the resistively heated 
graphite filament method [ Kratschmer et al 1990; Hanfler, 1994], 
It is the earliest method to synthesis fullerenes which was developed by Kratschmer and 
co-workers in 1990. 
SSSS3E2Z2] I ' pZZ^pSSa 
li S il 
1¾—r^ rr~Ji 
, / / / > c o l l a c t i o n s u r f a c « 
Fig.2-2. Restively heated graphite filament device for producing fullerenes. 
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The temperature of the graphite filament was observed with a pyrometer. 
Filament temperatures in the range of 2700°C to 3000°C were typical. Current was 
supplied to the filament via water-cooled copper electrodes. In order to aid the 
collection of the soot product, the collection site is put in the central position and a water 
cooled copper sleeve was constructed to be positioned over the filament. Taylor 
et al [1990] reported that an 8% yield of benzene-soluble material can be obtained by 
this resistive heating of graphite filament method. 
However, since the graphite filaments are fragile, heating the filaments to high 
temperature without fracturing them is a difficult task. This failure in the heated 
graphite filament often occurs during the process. Therefore, people soon started to 
search for better methods to produce the Merenes soot. 
(B). Arc Discharge method 
A slightly different method for Merenes synthesis called contact arc discharge 
was first reported by Haufler et al in 1990. The idea of the contact arc discharge 
synthesis technique was developed from the resistive heating method. As mentioned 
above, the failure of the resistively heated filament often occurs during the experiments. 
When this failure occurs, sometimes an electrical arc it is observed that there is between 
the two graphite pieces. It was found that significantly more carbon was evaporated at 
this time, and Merenes were also obtained in this soot product. 
Figure 2-3 shows the schematic of the set up of the graphite rod contact-arc C60 
generator. “ Contact arc " means that the best operation condition is when the electrodes 
are just barely touching. This method has become the most widely used now. Many 
research groups have reported their effects to improve this technique in order to increase 
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Fig. 2-3 A schematic of the graphite rod contact-arc C60 synthesis system. 
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the production yield. 
In our laboratory, a C60 synthesis system was set up as shown in Figure 2-3. It is 
very similar to those reported in the literature. The main parts include a continuous 
graphite rod feed mechanism, and a water-cooled C60 soot collection cup made of 
copper. Two graphite rods with 8mm diameter are used. The chamber is pumped by 
a mechanical pump to a base pressure of 10"2 Torr. For the production of fullerenes, 
the chamber is filled with helium to the pressure of about 100 Torr. As soon as the 
two graphite rods are just barely touched, the arc discharge starts. The current is about 
80-150 A, and the voltage is about 10-20 V. The production of Merenes is carried 
out within the water cooled collector. At the end of the process, the two graphite rods 
left can be easily removed and carbon soot containing C60 soot can be scraped from 
the collector. The collected soot is stored for further purification. 
The fullerenes production yield depends on the parameters of synthesis conditions 
such as the rate of electrode consumption ( current and voltage ratio) and buffer gas 
(He) pressure. The buffer gas pressure is the most important parameter to optimize. 
In our work, using this system, a dark red-brown liquid was obtained when the 
soot was put into toluene solution. After that, UV spectrum confirmed that the product 
is mainly C60 mixed with a small fraction of C70. In some of our experiments, when 
high purity C60 powder is required, we purchased from the Institute of Physics and 
Chemistry of the Central South University of Technology in China and the purity is 
99.9%. 
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2.1.3 C60 Thin Film Deposition 
I As C60 solid can be sublimed at a temperature of around 400oC simple vacuum 
thermal evaporation technique is performed to obtain the C60 thin films for various 
experiments. 
In our experiment, crystalline C60 thin films were deposited on quartz and silicon 
substrate with an EDWARDS model 12E3 High Vacuum system. The evaporation 
temperature was 450°C. High purity C60 soot source was used. The substrate is hold 
at room temperature during deposition. The schematic of the evaporation system will 
be shown in Section 2.2.2 where the method of metal doping in C60 thin films will also 
be described. 
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2.2 Modification 
2.2.1 Ion implantation of a-C:H films 
Ion implantation is one of the most commonly used doping method in the 
semiconductor industry. 
Figure 2-4 shows a schematic of a typical medium-current ion implanter [ Wolf and 
Tauber, 1986]. Ion implanters are complex systems which contain many subsystems: 
(1). A feed source of material containing the species to be implanted, such as BF3 gas used 
in this project. 
(2). An ion source, with its own power supply and vacuum pump, to ionize the feed gas, 
and produce a plasma at a pressure o f - 10" torr. 
(3). An ion extraction and analysing device that selects only the ion species of interest 
according to their mass and rejects all others. For example, BF3 gas will be dissociated 
into B* B+, BF2+ and F+, and only one of these ion groups is implanted at one time. For 
example, F+ was selected to implant into a-C:H samples in this project. The reason for 
choosing F ion has been discussed in the previous chapter. 
By adjusting the magnetic field strength, only the ion species of interest will be given 
the radius of curvature that will allow it to pass through the resolving slit and into the 
acceleration tube. 
(4). An acceleration tube and its power supplies, which creates the acceleration field to 
increase the ion energy to the desired energy level. 
(5). A scanning system, to distribute the ions uniformly over the target. 
(6). A system end station, which mainly includes a Faraday cup and a current integrator 
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over the implantation time. 
(7). A high vacuum system for evacuating the source, acceleration column, beam chamber 
and end station. 
(8). A computer and control system. 
In our experiments, a-C:H thin films were implanted by fluorine ions with an Extrion 
200-1000 ion implanter. TRIM-92 software was used to simulate the ion depth 
distribution in the sample. With these simulations paraments, the implantation conditions 
of such as implant dose and energy are chosen. In our case, we designed to perform a 
multiple-energy F+ implantation to achieve a relatively flat fluorine profile in the a-C:H 
thin films. 
Figure 2-5 gives the simulated fluorine profiles with the following F+ implantation 
conditions: 25 keV, 3.2xl013 cm"2; 47keV, 5.5><1013 cm"2; and 85keV, 9.6><1013 cm"2 
The resulted fluorine plateau concentration is about 1><1019 cm"3 dose. In the following 
sections, whenever we mention the implanted fluorine concentration, we mean the plateau 
concentration. Other fluorine concentrations can be achieved by implantation at these 
three energies with appropriate dose in proportion. The fluorine concentration CF range 
usedinthis study is from lxlO17 cm_3 l><1018cm-3, 1><1019 cm.3 Ixl020 cm_3 1><1021 cm"3, 
to 3 x 1021 cm-3. 
37 
Chapter 2 Experimental 
1.2x1019 
D 
io19 - I ^ ^ ^ 
/ B ^ 
g 8.0x1018 / ^T \ 
A
 J u A ^ 
I—- fV r \ 
i f \ \ \ 




1 0 1 8
 - / / V i \ j ^ J \ 
0 1000 2000 3000 4000 Sample Depth (A) 
Fig.2-5. Simulated implanted fluorine profiles in a-C:H films. A profile : 
25keV,3.2xl013cm-2 dose; B profile: 47keV, 5.5xl013cm-2 dose; C profile: 85keV 
9.6xl013 cm'2 dose; D profile: sum of A, B, C to achieve a relatively flat F profile. 
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2.2.2 C60 Doping 
We have mentioned in the previous chapter, pure C60 solid is an insulator or 
semiconductor material. Doping of C60 to modify its electrical conductivity is of great 
interest for electronic applications. There are a number of methods to dope C60 reported 
in the literature, including the vapour phase diffusion method [Meng et al 1992; Xiang 
etal. 1990] the ion implantation method [Kastner et al. 1993] vacuum co-evaporation 
method [Hoshimono et al 1993], and other methods which involve the heating or 
evaporation of C60 and dopant mixture [Gu et al 1992; Korlan et al 1992a,b]. In this 
work, we employ the vacuum co-evaporation method to prepare Sn-doped C60 films. 
Therefore, we shall describe in detail the vacuum co-evaporation method. 
The Cgo powder and metal were put into different tungsten boats as shown in Figure 
2-6. The deposition process was the same as usual evaporation. Through controlling 
the temperature of the boat containing metal, fullerene thin films with different metal 
content can be obtained. 
In this experiment, the co-evaporation system was set up in the EDWARDS model 
12E3 high vacuum system. The evaporation temperatures of the two boats can be 
controlled independently. The Sn doping contents were controlled through the Sn 
evaporation temperature. The temperature of C60 boat was however kept fixed at 450°C 
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2.3 Characterization Methods 
2.3.1 Electrical measurement 
The electrical conductivity measurements of the thin films ( a-C:H, C60 ) were 
performed with a computerized measurement system consisting of a closed-cycle helium 
refrigeration system with a Lake Shore 330 autotuning temperature controller, a HP 
4339A high resistance meter, and a PC as shown in Fig.2-7. The temperature can be 
controlled from 20K to 420K. 
The sample resistance and conductivity versus temperature was measured. 
According to the equation: 
o = oft exp(-—) (2-1) 
o
 K T 
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2.3.2 High electric field measurement 
Transport properties of the fluorine implanted a-C:H films in high electric field was 
performed in the vacuum system. The low temperature was obtained by the liquid 
nitrogen. In order to obtain high electric field, chromium contacts of 0.75mmxl.5mm 
with a gap of 20 [im were prepared on the samples by the lift-off technique. The electrical 
conductivity was measured in a dark vacuum chamber from 100K to 450K using a 
HP4339A high resistance meter. The following is the schematic of the measurement set 
up (Fig. 2-8). 
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Fig.2-8 The Schematic of high electric field measurement system. 
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2.3.3 Electron spin resonance (ESR) 
When unpaired electrons are placed in an external static magnetic field, because of 
the direction of the interaction of the magnetic moment due to electron spin and the 
magnetic field, the electron energy level will split. The unpaired electrons can be excited 
to the higher energy state by the absorption of microwave under a magnetic field because 
of the Zeeman effect. The excited electron changes its direction of spin and relaxes into 
the ground state by emitting phonon. This absorption of the microwave by the unpaired 
electrons is called " electron spin resonance" ( ESR). 
The resonance condition is given by 
g^H0 = hv (2-2) 
where g is the spectroscopic splitting factor, P is Bohr magneton. H0 is the resonance 
.magnetic field. We can obtain the resonance absorption by sweeping the magnetic field 
H, while maintaining the frequency v constant. 
Fig. 2-9 shows the absorption curve (a) and the ESR spectrum recorded (b), in a 
form of the first derivative line, as a function of the magnetic field, H [ Ikeya 1993]. 
\ r ^ m (t) sin CDt 
J' 





Fig. 2-9 The (a) absorption curve, and (b) the first derivative line of the ESR spectrum. 
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The maximum-minimum magnitude of the derivative curve is proportional to the number 
of the unpaired electrons. Therefore, ESR is a powerful technique to measure the number 
of such decomposed fragments with unpaired electron spin. 
The spectroscopic splitting factor ( g-factor ) is an important parameter since 
unpaired electrons in different materials have slightly different g-factors. This results in 
the occurrence of the resonance at different values of the magnetic field. The g-factor 
can be determined by using Eq.2-3 
g = (h/^)/(y/H) (2-3) 
The g-factor of an unknown signal is usually more accurately determined with the 
help of a pair of standard signals the marker signals, with a known g-factor as shown in 
Fig.2-10. If the resonance of a standard signal with gx and an unknown signal with g2 
occurs at Hol and H02, respectively. The resonance condition gives 
g0H0 = ^01 =( /P) (2-4) 
g0 = g l / ( l -A^ 0 1 ) , ^ H 0 l - H 0 (2-5) 
g Hft 
I 
H 0 1 g 2 H 0 2 
Marker signal 1 Marker agpal 2 
Unknown sigpal 
— >-
Magnetic field H 
Figure 2-10 Typical electron spin resonance spectrum of an unknown 
spin centre of g-factor g with two marker signals. 
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The ESR measurements were performed at room temperature with a JEOL JES-
FE3X spectrometer at X-band and the filed modulation frequency used was lOOKHz. 
Fig.2-11 shows the schematic of the ESR measurement system. The detection limit of 
the machine is in the order of 1011 total spins. The sample of known g-factor, the marker, 
was the Mn2+ ions. The Mn2+ ion has six known resonance signals. Because the g factors 
for semiconductor materials are usually around 2 the resonance signal usually occurs 
between the marker signals with g-factors of 1.981 and 2.034, respectively. 
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Fig. 2-11 A schematic of the ESR measurement system. 
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2.3.4 Photoluminescence (PL) 
Photoluminescence measurements of the of a-C:H,F films were performed at 
Zhongshan University in Guangzhou, China. The schematic of the PL measurement set 
up is shown in Fig.2-12. 
Experiments were performed at room temperature by using the 530nm line, with a 
50ps pulse width from an Argon laser (Rh6G) as the excitation source. The laser beam 
was modulated by a chopper which also provided the reference signal of the 
photoluminescence signal for the lock-in amplifier. A small mirror was used to direct the 
laser beam onto the sample and the laser beam was focused by the objective lens, LI and 
L2, to the detector. A photomultipHer tube ( PMT) was used as the detector. The output 
from the lock-in amplifier was fed into a personal computer to record the data. 
M i r r o
^
 ( Argon Laser 
• Rh6G 
v 
^ i" Lock-in 
Chopper PC " I Amplifer 
> f ? 
J\——WW r - 1 - I i 
/s ^ ^ M ono chrom ato r \ 
I 
A v >\r — ” 
I L2 LI 4 I • 
Sample Pre-amplifei i 
Fig. 2-12 Schematic of the PL measurement system. 
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2.3.5 Photothermal deflection spectroscopy (PDS) 
The optical spectra can provide some valuable information on the structure of 
amorphous materials. For instance, photothermal deflection spectroscopy (PDS) are 
widely used to determinate the optical absorption coefficient spectra a(hv) in the sub-
gap energy range of a-C:H and a-Si:H and related materials. This can be used to gain 
information about the density of states (DOS) in the band gap [Jackson and Amer 1982; 
Joanonopulos 1980]. 
The attractive characteristic of PDS is its extremely high sensitivity. It is a powerful 
tool to directly observe the optical transitions in amorphous films. The implementation 
of the PDS measurement system is also relatively simple. Figure 2-13 shows the 
schematic of the PDS apparatus which was set up in the Department of Applied Physics, 
Hong Kong Polytechnic University. 
The sample was put into a quartz cell filled with CC14 which is used as the deflecting 
medium. A pump beam which is produced by a Xe-lamp (1000W) through an amplitude-
modulated monochrometer is perpendicularly illuminated onto the sample surface as 
shown in Fig.2-13. A He-Ne laser beam is used as the probe beam. Absorption of the 
pump beam will excite nonequilibrium carriers of the sample and alters the occupation 
probability of the sample's gap states periodically, the resulting flux of heat into the 
adjoining medium also generates a temperature gradient in the space close to the sample 
surface. This thermal induced optical gradient deflects the probe beam. A position 
sensor ( split diode) was used to determine the amplitude and phase of the probe beam 
deflection. 
During the measurement, the probe beam is deflected periodically with the chopping 
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Fig. 2-13 Schematic of the PDS measurement system. 
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frequency/by an angle S from its original path and S can be expressed as [ Jackson et al 
1981; Xiao and Han 1989]: 
S^K(l-e~ad)ei2llft (2-6) 
where K is a constant, d is the thickness of sample, and a is the absorption coefficient. 
The absorption coefficient can be expressed as : 
a=aQ(E)+Aaei2^ft (2-7) 
where a0(E) is the absorption spectrum and A a is the photoinduced charge term which 
is so much smaller than a 0 that it is often obscured in the PDS measurements. 
Combining Equation (2-6) and (2-7) the amplitude of the first harmonic can be obtained: 
S2=K(l-e'^d) (2-8) 
and the amplitude of the second harmonic is : 
S^KXad (2-9) 
The Sj is the ordinary PDS signal which can be detected when the lock-in amplifier 
reference frequency is set at the pump light modulation frequency/, and S2 can be 
detected when the reference frequency is set at 2/ From equation (2-8) and (2-9) we 
can obtain : 
i A a d (2-10) 
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The output of the sensor was fed into the input of a lock-in amplifier. The photo 
energy scans from 2.5eV to 0.85eV. The PDS spectrum represents the probe-beam 
displacement versus the photo' energy of the pump beam. 
Fig.2-14 shows the usual PDS spectrum from amorphous semiconductor materials 
which consists of the following regions. 
(a). There is a saturation region at high energies ( above about 1.8eV) which is due to a 
direct valence band to conduction band transition. The absorption coefficient a 
follows Tauc equation [ Tauc et al. 1974]: 
(ahv) l /2 = Bexp(hv-Eg) ( 2 - 1 1 ) 
where a is the optical absorption coefficient, B is constant, and Egis optical band gap. 
Therefore, the Eg value can be estimated from the Tauc equation. 
(b). The second region is an exponential Urbach edge region where the absorption 
coefficient a varies as 0C=CC exp(hv/E0) until it meets the low energy defect 
absorption shoulder. E0 is the characteristic energy of the band tail extracted from 
the slope of the Urbach edge. This transition from the slope of the Urbach edge is 
due to a band tail states to delociazed ( extended ) band transition [ Urbach 1953]. 
The excess absorption due to subband defect states is calculated by using the formula 
[Amer and Jackson 1984] 
aex= aobs-a0exp ( hv/E) (2-12) 
where aex is the excess absorption due to the subband states. 
The density of subgap states is calculated by using the expression: 
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N = 1 .9xl0 1 6Ja dE (2-13) 
g J ex 
where the integration limits extend from zero to the energy E at which the 
exponential absorption terminates. 
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Fig. 2-14.The optical absorption coefficient a for amorphous materials 
obtained by PDS measurement. 
(c). There is a third region where the subband gap tail is superimposed on the Urbach 
edge and this is due to photon absorption by gap states. In this photon energy range 
absorption is governed by transition between localized states and extended states. 
Therefore, PDS can be successfully applied to the investigation of amorphous 
semiconductor band gap states distributions. 
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2.3.6 Fourier Transform Infrared Spectrometry (FTIR) 
The FTIR experiments on C60 films were performed with a BIO-RAD Model FTS-
60A system at room temperature at the Physics Department, The Chinese University of 
Hong Kong. The dynamic range of this system is from 400-4000 cm"1. The scan 
resolution was 4cm-. 
2.3.7 Mass Spectrum 
Mass Spectrum experiments were carried out with Positive Ion MALDI Mass 
Spectrometer at room temperature at the Chemistry Department, The Chinese University 
of Hong Kong. Mass spectra of the C60 films irradiated in oxygen ambient and the Sn-
doped C60 films were measured with the Mass Spectrometer. 
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Chapter 3 Characterization of the fluorine implanted a-C:H 
Thin Films 
In Chapter 1 the structure, properties, and the doping effect ofa-C:H films have been 
introduced in details. The roles of hydrogen and fluorine have also been discussed. We 
know that a-C:H films consist of both graphite-like (sp2) and diamond-like (sp3) sites 
which make the properties of a-C:H films rather complicated. It is also known that the 
effect ofhydrogenation in a-C:H films is to passiviate the dangling bonds similar to that 
e • 2 
observed for hydrogenated amorphous silicon films. Therefore, the relative ratio of sp 
and sp3 sites and the amounts of hydrogen are the fundamental parameters govering of the 
properties of a-C:H films. People also found that fluorine can replace hydrogen as a 
dangling bond terminator in a-Si:H films, and that a-Si:F:H devices have similar 
characteristics as those of a-Si:H after longer time application [Staeble et al 1981; 
Kuwano and Ohnishi 1981]. 
In the study of doping effect in a-C:H films by ion implantation [Wong and Peng, 
1990], they found that the electrical conductivity at room temperature of the BF2+-
implanted samples is much higher than that of the B+-implanted samples. This indicates 
that the fluorine atoms have effectively increase the doping efficiency in a-C:H films. 
Therefore, it is of interest to study the effects of fluorine implantation into a-C:H films. 
We have recently studied the effects of fluorine implantation into a-C:H thin films 
[Wong et al. 1993 a, and 1993b]. In particular, it was found that the ESR spectra of 
these films consists of several components including the major component due to the 
carbon dangling bonds and the hyperfine splitting (HFS) components induced by the 
implanted fluorine atoms [Wong etal 1993a]. In this chapter for completeness, we shall 
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first review the major results of those earlier ESR studies. Then we shall focus on the 
measurements of optical absorption spectroscopy, time-resolved photoluminescence, 
electrical conductivity and transport properties in these films. In particular, these 
properties as a function of the F concentration will be presented • A comparison will also 
be made between a-C:H films and typical amorphous semiconductors, such as a-Si:H 
films. The results of the study on the nonlinear transport properties in these films will be 
discussed in a separate section in details. Based on these results, a possible model for the 
structure which can account qualitatively for the measured properties will be suggested. 
3.1 ESR results 
The ESR spectra for the unimplanted sample and the as-implanted samples of various 
Q values are shown in Fig.3-1. It is seen that all the spectra show a large main resonance 
of Lorentzian line shape with a g-value due to carbon dangling bonds [Miller 
and Mckenzie 1985; Watanabe and Okumura 1985]. It is also clearly seen that hyperfine 
splitting (HFS) signals, one at each side of the main peak, have been induced after fluorine 
implantation with an apparent splitting of =118 G. The effective g-value of this HFS 
resonance is obtained from the arithmetic average of the resonance fields of the hyperfine 
signals, with the second-order contributions to the hyperfine splitting included [Wertz and 
Bolton 1972; Stuzmann et al 1987], to be geff=1.9981, quit clearly separated from the 
g l resonance. More detailed analysis of the HFS signals reveals that each of the HFS 
resonances in fact consists of two Gaussian components. This is a manifestation of the 
anisotropic nature of the hyperfine tensor of the fluorine atoms [Wertz and Bolton 1972]. 
For CF higher than about 1020cm"3, the large main resonance is also found to be 
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Fig.3-1 ESR spectra for fluorine implanted a-C:H samples. 
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composed of one large Lorentzian component of g-value gj and another small Gaussian 
component of g-value g2=2.0025, very close to but slightly smaller than gv This 
resonance must also be induced by the implanted fluorine atoms. Typical decomposition 
of the main resonance into one Lorentzian component and one Gaussian component, and 
that of the hyperfine signals into two Gaussian components are shown in the paper [Wong 
etal. 1993b] and Appendix Fig. 1. 
The spin density Ns of the various components of the ESR spectra versus components 
of the ESR spectra versus CF is shown in Fig. 3-2. From Fig.3-2A, it is seen that Ns 
shows peculiar CF dependence with a dip occurring at CF ==1019 cm"3, instead of a peak 
which is supposed to be there from the over all trend Though the value of Ns is typically 
accurate only to within about a factor of two, the feature of an unexpected dip is very 
consistent for all annealing conditions. 
More peculiar and unexpected CF dependence is observed for Ns of the HFS signals. 
As shown in Fig.3-2B, the HFS signals do not show up in some intermediate CF value 
range. For the unannealed samples, within the detection limit of our experiment, there is 
no HFS signal observed for CF =lxl019 cm"3. It is also seen that reduction in Ns of the 
HFS signals for all samples results for the Cp =lxl018 cm-3 sample have been annealed out. 
In fact, all HFS signals have been annealed out in all samples after annealing at 200 C for 
30 minutes. 
Since the value ofgeff for the HFS signals is very different from gl7 the HFS signals 
are not due to electrons of the carbon dangling bonds. We speculate that tz electrons of 
the carbon atoms are responsible for the HFS signals through the following mechanism 
[Wong et al. 1993b]. By means of the spin polarization effect there can be small overlap 
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Fig.3-2 The spin density versus the implanted fluorine concentration CF 
for various components of the ESR spectra: A) the Lorentzian 
component of g value gl of the main resonance; B) the Gaussian 
component of g value ^ of the main resonance and the hyperfine 
signals (HFS). The annealing conditions are: a) unannealed, 
b) 150 C annealed, c) 200°C annealed, and d) 250°C annealed. 
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between the wavefunctions of these TZ electrons and those of the 2p orbitals of the fluorine 
atoms. This overlap in wavefunctions means that on average there is a certain fraction of 
time for each of these TZ electrons to be present in the 2p orbitals of the fluorine atoms and 
thus give rise to the hyperfine signals. Evidence of such p-iz interactions in organic 
compounds with fluorinated radicals is not uncommon [ Wertz and Bolton 1972]. 
We discussed that the dip in Ns against CF for the resonance in a-C:H seems to 
have some correlation with the disappearance of the HFS signal at CF=1019cm"3 for the 
unannealed samples as shown in Fig. 3-2. 
3.2 Secondary ion mass spectroscopy (SIMS) measurement 
In order to confirm the fluorine concentration in the implanted a-C:H films to 
understand the results clearly, secondary ion mass spectrometry (SIMS) experiments was 
performed to obtain the atomic concentration profile of different elements in the samples. 
SIMS measurements were performed at Charles Evans & Associates Company in USA 
using a PHI-6600 quadruple mass spectrometer. The analytical conditions are as follows: 
Primary ion beam Cs 
Primary beam energy 6 keV 
Beam current 50 nA 
Raster size 200x200 i^m ( for lxl019cm-3); 120x120 pm (for 3xl021cm"3) 
Analyzed area 80x80 |im ( for lxl019cm"3); 48x48 ^m (for 3xl021cm-3) 
SIMS depth profiles for the lxlO19 and Sx21^'3 samples are shown in Fig.3-3 (a) and 
(b) respectively. Since conditions of SIMS measurements are not same for these two 
samples, thus it is observed that the secondary ion counts of carbon for the two samples 
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are different. If we roughly uniform the secondary ion counts of carbon, we can find that 
the concentrations of the two samples are basically consistent with the nominated fluorine 
concentrations. 
It is also observed that there is a step in the profile of 3xl021 cm-3 sample. The 
implantation plateau was formed by three implantation components with various energy 
and dosage. Therefore, this step should be caused by an insufficient implantation dose of 
the highest energy implantation component. 
3.3 Electrical properties 
The Arrhenius plots of the electrical conductivity for the various CF implanted a-C:H 
samples is shown in Fig.3-4. The corresponding electrical conductivity activation energy 
(EJ versus Q is shown in Fig.3-5. The pre-exponential factor a and room temperature 
conductivity aRT versus Cp are shown in Fig. 3-6 (a) and (b) respectively. From Fig. 3-4 
to 3-6 they shown that there is a certain threshold fluorine concentration ( lxl019cm") 
at which the properties of fluorine implanted a-C:H thin films changes drastically. There 
is a tremendous increase in the electrical conductivity in these a-C:H films when CF 
exceeds lxl019cm"3. However, when CF is not high enough ( below 1019cm'3 ) it is seen 
that the conductivity is in fact smaller and Ea is larger than those of the unimplanted 
sample. More than ten orders of magnitude increase in aRT has been observed between 
the high CF (= 3xl021 cm'3) sample and the unimplanted sample. The conductivity 
activation energy Ea also drops significantly from 1.05 eV for the unimplanted sample to 
0.21 eV for the implanted sample with CF of 3xl021 cm"3. It is evident from Fig. 3-4 to 
3-6 that a-C:H films have been effectively doped when CF exceeds a concentration of 
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about 1020cm-3. 
These electrical results show that when the a-C:H films are subjected to fluorine 
implantation at low doses, there is some slight radiation damage. The implanted fluorine 
atoms play a role more like that of a dangling bond terminator to reduce the defect states 
in the band gap. This has the result in an increase in the activity energy Ea and decrease 
in the room temperature conductivity. For the case of higher implantation concentration 
(>lxl019cm'3), there are some defect states due to the effective doping of fluorine. On 
I 
the other hand, the effects of radiation damage becomes more and more important as to 
introduce new defect states by higher implantation dose though some of the implanted 
F+ atoms can act as dangling bond terminators which lead to defect compensation. The 
increase in the density of defect gap states makes aRT increase by more than ten orders 
of magnitude and Ea decrease from 1.2eV for sample with CF =lxl019cm'3 to 0.2 leV for 
the sample with Cp =3xl021 cm'3. However, the values of the pre-exponential factor o 0 
for these doped samples fall in the range 10-1<a<l ohm^cm"1. This indicates that the 
conduction is not by activation to extended states but by hopping between localized states 
at near-neighbour sites [Orlewski and Scher, 1985]. 
3.4 Optical properties 
3.4.1 PL spectrum studies of fluorine implanted a-C:H films 
The initial PL spectra of the samples with various CF values as indicated are shown 
in Fig.3-7. All the spectra basically show a symmetric broadband feature and the peak 
positions are at about 630 nm. The variation of the peak intensity IP of the PL spectra with 
CF is shown in Fig.3-8. It is seen that IP first decreases with increasing CF before the 
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Fig.3-7 PL spectra of the fluorine implanted a-C:H samples. 
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abrupt increase ataCp value of 1019 cm"3, after which IP decreases again with the further 
increase in CF. This CF dependence of IP may be understood phenomenologically as a 
result of the two competing effects due to fluorine implantation. On the one hand, new 
dangling bonds in the a-C:H network will be introduced by the implantation damage. As 
a result the number of non-radiative recombination centres increases and hence the PL 
intensity decreases. On the other hand, the implanted fluorine atoms can also act as 
dangling bond terminators leading to defect compensation. It happens that when CF 
reaches a value of 1019 cm"3, the effect of dangling bond termination by the implanted 
fluorine atoms dominates, leading to a reduction in the defect concentration and the 
non-radiative recombination centres. Therefore there is a large increase in the PL intensity. 
The PL intensity decreases again upon further increase in the fluorine dose due to the 
accompanying increase in the number of recombination centres by the implantation 
damage. 
From the results of the PL decay experiments, it is found that the initial PL decay of 
these fluorine implanted a-C:H samples can be well fitted by a power law o f t a (at 
emission energies > 1.9 eV). Similar power law behaviour of PL decay has also been 
observed in a-Si:H and has been interpreted with a comprehensive model of nonradiative 
relaxation through electron band-tail thermalization [Orlowski and Scher 1985]. Fig.3-9 
shows the variation of the fitted exponent a with CF. Again a is observed to attain a 
maximum at a CF value of 1019 cm"3. This CF dependence of a can also be discussed in 
terms of the two afore-mentioned competing effects due to fluorine implantation. 
The photoexcited carriers will first relax into the band-tail states by thermalization. 
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Fig.3-9 The exponent a of the initial PL decay (see text) as a 
function of the implanted fluorine concentration. 
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Then part of the electron-hole pairs in the band-tail states can recombine radiatively to 
emit light and part of them will recombine non-radiatively through some defect states as 
recombination centres. Some localized gap states will also act as trap states for the excess 
carriers. The capture cross-section is related to the trap density and the captured carriers 
can be released again after some time delay. Therefore, when the trap density increases 
as a result of fluorine implantation, the decay process slows down and a decreases. When 
Q reaches 1019 cm"3, due to the effective compensation of the implanted fluorine atoms, 
the trap density greatly reduces resulting in a much faster decay and a large increase in a . 
When the trap density increase with further increase in the fluorine dose, the decay 
process slows down again. The discussion on the PL results is consistent with the above 
ESR results. 
3.4.2 PDS studies of fluorine implanted a-C:H films 
In order to better understand the electrical and optical properties and the effects of 
fluorine in these a-C:H films. PDS experiments were performed. Fig.3-10 shows the 
absorption coefficiency of the a-C:H films with various implanted fluorine concentrations 
determined from PDS experiments versus photon energy. It is seen that for the 
20 
unimplanted sample (CF =0) and for the two samples with CF values of 1x10 and 
3xl02 W 3 the absorption curves do not have sharp changes of slope as those commonly 
observed in a-Si:H thin films. The absorption curves appear with a broad shoulder in the 
low absorption region which is commonly observed in a-C:H thin films [Dasgupta et al. 
1991; Leidich et al 1992]. Hence, the Tauc model introduced in Chapter 2 (section 
2.3.5) and the Tauc equation ( Eq.2-11) does not fit the experimental results well. It is 
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Fig.3-10. Absorption spectra of the fluorine implanted a-C:H samples 
determined from PDS measurements. 
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mentioned in Chapterl, that the band structure of a-C:H materials is more complication 
than that of a-Si:H materials and a model band structure of a-C:H has been shown in 
Fig. 1-2. According to this model, the density of states consists of a pair of broad 
Gaussian-like distributions corroponding to the (tt-tu* states ) and they form the band 
edges in a-C:H and a-C films. Using this model, Dasgupta et al [ 1991] added the 
Gaussion form for the density of occupied states and unoccupied states in the expression 
for the absorption coefficient a(E) and obtained a modified Tauc equation: 
a(E) C e x p H p E f - E ) " ]2} erf(E/2a)/E (3-1) 
where 2E7l* is the energy difference between the two peaks of the two Gaussian-like 
distribution (see Fig. 1-2 ) and a is the standard deviation of the distributions, and C is a 
constant. 
The shape of the absorption coefficient versus energy is determined only by En* and 
a . As a limiting case, the TZ and TZ* bands can be completely localized and optical 
20 
parameters can be obtained from the Tauc plot. The solid curves for the CF =0 1x10 
3x1021 cm"3 samples in Fig.3-10 are the fitting results using equation (3-1) of this model. 
It is clearly seen that the measured absorption coefficient data can be well fitted by this 
model. 
On the contrast, for the implanted samples with lower CF values (<, lxl 019 cm 3) the 
shape of the absorption spectra is similar to that of a-Si:H films. This difference between 
the low dose and high dose implanted samples can be more clearly seen in Fig. 3-11 
which shows the CF dependence o f E ^ (the energy where a reaches 104 cm"1) and the 
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defect a d ( a at hv=1.0eV). The experimental results shown in Fig.3-10 indicate that 
fluorine implantation of not too high dose (CF <1019 cm"3) reduces the density of the 
Gaussian-like band states. That means the number of tt:-bonds in a-C:H films is 
effectively reduced. Hence the density of the Gaussian-like band states as shown in 
Fig. 1-2 corresponding to the 7t-electrons is significantly quenched. This lead to an 
increase of the sp3/sp2 ratio in these films. It is responsible for the increase of the 
parameter E04 and the low defect ocd values for these low CF value samples. Therefore, 
the absorption spectra of these films show an a-Si:H like shape. Fig. 3-12 presents the 
band states distributions for a-C:H and a-Si:H materials. 
This explains why the room temperature electrical conductivity decreases activation 
energy Ea increases with increasing F+ implantation dose when CF does not exceed 
lxl019cm"3. This also supports the discussion of the PL results in which there is a large 
increase in the PL intensity when Cp reaches a value of 1019 cm"3. It is also responsible for 
no HFS signal observed for CF = lxl019cm-3. At CF = lxlO19 cm'3, most of carbon 
dandling bonds were compensated by the fluorine atoms so that the certain fraction of the 
time for each of those tz electrons to be present in the 2p orbitals of the fluorine atoms 
were reduced. 
It is concluded that for CF < 1019 cm-3, the implanted fluorine can reduce the density 
of Gaussian-like band states in a-C:H films to create an a-Si:H-like shape band gap state 
distribution. In Chapter 1 it has been mentioned that the doping efficiency in a-Si:H is 
better than that in a-C:H films. Therefore, this effect must improve the doping efficiency 
0fa-C:H films. That is way Wong and Peng [1990] found that the doping efficiency by 
BF2+ implantation into a-C:H films is much higher than that of B+ implantation. 
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States States . 
0 
I A W A \ 
Ev Ec 
a-Si:H 
Conduction Band Valence Band 
1 \ Band-tail States / 
V 7 
\ Mid-gap States / 
L i X f 
E y EB EA E C 
Fig.3-12. Schematic of typical density of electron states for 
a-C:H and a-Si:H amorphous materials. 74 
Chapter 3 Characterization of the fluorine implanted a-C:H Thin Films 
However, for higher dose fluorine implantation, there are also the effect of 
implantation induced hydrogen loss [ Proawer et al 1987]. This increase in hydrogen loss 
will on the one hand increase the density of the defect gap states and on the other hand 
will also increase the conversion of sp3 bonds ofa-C:H to sp2 bonds. Therefore, the pair 
of broad Gaussian-like distributions near the band tail regions re-emerge with a even 
larger density after Cp exceeding 1020cm'3. This leads to the decrease in the value of E04 
and the increase in the defect ad . This is also responsible for the tremendous increase in 
< 
the electrical conductivity a but with a low pre-exponential factor a in these high dose 
implanted samples. This also explains why the g2 signal presented after CF higher than 
about 1020 cm-3. 
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Section 3.4 Nonlinear Transport Properties At High Fields 
Most materials show ohmic behaviour in their electrical conductivity under low 
electric fields. However, when the field is sufficiently large, nonlinearties their transport 
properties are commonly observed. 
Nonlinear transport is very important because it is often associated with the 
maximum drift velocity of carriers in high-speed devices. The study of the nonlinear 
transport properties of amorphous semiconductors has attracted much attention in recent 
years due to the increasing applications of these materials. During the last few years, 
several groups have reported on "new" non-linear conductivity, mobility effects in a-Si:H, 
a-Ge a-SiGex:H films etc. [Juska et al 1989; Nebel 1991; Antoniadis and SchifF 
1991] which have not yet been fully exploited. 
The electrical conductivities of diamond-like carbon (DLC) films have been studied by 
many research groups in the past decade as mentioned above. Both ohmic [Vogel et al 
1992] and nonlinear [Hammer et al. 1991; Grill et al 1994] behaviours have been 
reported for the conductivities of DLC films in high fields. In this section, the results of 
the study on the nonlinear electrical conductivity observed in a-C:H thin films in the 
electric fields up to 2.5xl05 V/cm before and after fluorine implantation for various doses 
at various temperatures will be presented. At the same time, the results will be compared 
with that of a-Si:H films and fluorine implanted a-C:H films. 
Figure 3-13 (a) and (b) show the electrical conductivity a against electric field 
strength E at various temperatures for the unimplanted sample and an implanted sample 
with a fluorine concentration CF of lxlO21 cm'3, respectively. Similar nonlinear transport 
behaviours of o versus E have also been observed for samples with other CF values 
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Fig.3-13 Variation of the electrical conductivity s of a-C:H with 
electric field strength E at various temperatures for 
(a) the unimplanted sample and (b) an implanted sample 
with a fluorine concentration CF of 10 cm . 
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Fig.3-14 shows the conductivity as a function of electric field for various CF samples at 
room temperature. It was found that the measured conductivity data at high field 
( E ^104 V/cm) for each sample at each temperature can be well fitted by the following 
expression. 
a = aHexp{(E/EH)Y} (3-2) 
% 
where a H EH and y are dependent on both the temperature and CF. The solid lines in 
Fig.3-13 and Fig.3-14a are the fitted curves using equation (3-2). A commercially 
available nonlinear curve fitting program PEAKFIT has been used to perform the fitting. 
It is noted that this form of electric field dependence is very different to that observed 
in a-Si:H which can be described by a power law a « EY [Nebel 1991] but is in some 
sense quite similar to what has been observed in a-Ge where the following relationship is 
approximately obeyed [ Mott and Davis 1979]: 
a = a H exp{(eLE/kT)} (3-3) 
Comparing equations (3-2) and (3-3) if we take (3-3) to be a special case of (3-2) where 
y equals unity, we may also express Eh in (3-2) as 
Eh = kT/eL (3-4) 
where L has the dimension of length and is found to be a weak function of temperature 
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Fig.3-14b Electrical field dependence of the dark conductivity 
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The solid line is the fitted curves using eq. (3-2). 
The crosses are the fitted data using eq.(3-3) 
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both for the case of a-Ge and for the present case of a-C:H. 
The characteristic length L deduced from the fitting of the experimental data as a 
function of temperature is shown in Fig. 3-15. It is seen that for the unimplanted sample, 
L ranges from a few hundred Angstrom to slightly over one thousand Angstrom. After 
fluorine implantation, L is found to have reduced to about 10 to 100 Angstrom. If L is to 
be interpreted as some kind of effective hopping distance, this suggest that a field assisted 
variable-range hopping mechanism may be responsible for the nonlinear high field effect 
t 
in these films. The introduction of the implanted fluorine atoms seems to have shortened 
the effective hopping distance. 
However, the factor y in equation (3-2) is not identical to unity and varies from less 
than 0.5 to larger than 3. We did have tried to use equation (3-3) to fit the data (see 
the cross data in Fig. 3-14b for example) but there are obvious cases that it fails. The 
factor y as a function of temperature is shown in Fig. 3-16. It is seen that all the 
implanted samples have higher y values than the unimplanted sample. For low 
temperature range, the conductivity of unimplanted sample is too low to be measured. 
The meanings of the non-unity y factor and its variation with the implanted fluorine 
concentration and temperature are not clear and require further investigation. 
By taking the low field limit of equation (3-3), it is clear that the factor a H in 
equation (3-3) may be written in a more conventional form as 
o (JH a 0 exp (-Ea/KT) (3-5) 
where a 0 is the pre-exponential factor and Ea the activation energy of the dark 
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conductivity. Fig.3-17 shows the fitting results of a H dependence of temperature for the 
different doses. Comparing Fig.3-17 and Fig.3-3, it was found that a H were basically 
same as a between room temperature and 250K with the presented the conductivity at 
lower electrical field. 
Atypical plot of the temperature dependence of a at various electric field strength 
I is shown in Fig.3-18 for the sample with CF = 1 x 1021 cm"3. At low field, it is clearly seen 
that the thermal activation process for electrical conduction is dominant at all temperature. 
However, for higher field while the thermal activation process remains dominant at high 
temperature. At lower temperature, the field enhanced conduction effect is significant. 
From the Fig. 3-18, it was also observed that the activation energy at higher electric field 
I was smaller than that of lower electric field. Nebel discussed that the applying of an 
electric field can be considered as a new source of energy for carriers [1991]. Fig.3-19. 
shows schematically the effect of an electrical field on a carrier which proceeds 
via tunnelling transitions. The carriers were provided a new source of energy IE = qLE, 
where L is the hopping distance, so that high electric field (qLE) enhanced the 
band tails into effective transport regions. Therefore, the number of accessible sites in the 
density of localized states increases considerably for a carrier and so does the mobility. 
The higher the implantation concentration, the more is the number of carrier contributing 
to the conduction by hopping. Therefore, the hopping distance of implanted samples were 
generally smaller than that of the unimplanted samples (see Fig. 3-15). 
Fig.3-20 shows the electric field dependence of the dark conductivity a at 300K for 
fluorine implanted a-Si:H film samples with various of fluorine doses CF [ Ke et al 1995]. 
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84 
Chapter 3 Characterization of the fluorine implanted a-C:H thin films 
10" 3 
I E (V/cm) 
10- _ \ 1x10:| 
\ - m - 1 X 1 0 4 
% 5x104 
10- \ 1x1o55 
: \ ^ 
1 o - 8 -
• I I i » • i i 1 1 — 
2 3 4 5 6 7 8 9 10 11 
1000yT (K_1) 
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85 







Fig. 3-19. Schematic drawing of the field effect on carriers performing 
tunnelling transitions in the band tail. 
Comparing Fig. 3-14a and Fig. 3-20, it can be observed that the fluorine implanted a-Si:H 
films exhibited remarkable nonlinear behaviours than that observed in fluorine implanted 
a-C:H films. It was also reported that [Ke et al. 1995] at not too low temperatures show 
an electric field dependence of the form which is very similar to that of fluorine implanted 
a-C:H films. However, at the high field region (E>105 V/cm) for the samples with the 
highest fluorine concentration of 6xl021 cm-3 up to 300K and for samples of lower 
fluorine concentration at sufficiently low temperatures, the field dependence changes to 
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Fig.3-20 Electrical field dependence of the dark conductivity 
at 300K for fluorine implanted a-Si :H samples. 
The solid lines are the fitted curves according to Eq.(l). 
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the form of a power law as 
a « EY a t E >105 V/cm. (3-6) 
where y is a temperature dependent index. This power law of high field dependence of 
a is similar to what has been observed for the P, B doped a-Si:H samples [ Nebel 1991]. 
The difference in the nonlinear transport behaviours of the two materials should be 
a reflection of the difference in the band gap structures of the two materials. There are 
very much n states in the band gap ofa-C:H films. It needs more energy and thus higher 
electric filed E to turn the band tail states into effective transport regions for various F+ 
doped a-C:H samples in comparison with the various F+ doped a-Si:H samples. 
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CHAPTER 4 Characterization ofC.n Thin Films 
4.1 Effect of Oxygen on Materials-The Stability Studies of C60 Films 
In Section 1.2, the stability problems of C60 materials were introduced. This topic has 
attracted much attention in recent years. The effect of oxygen on C60 materials have been 
studied by many groups [ Rao et al 1993; VassaHo et al 1991; Jaime and Regueiro 1995] 
using electrical and optical measurements, but the mechanisms have not been clearly 
explained. In this studies, the defect characteristics of the irradiated C60 samples were 
studies with ESR technique for different irradiation time in oxygen gas ambient. The 
structures were analyzed by FTIR and mass spectra measurements. The effect of oxygen 
and the stability problem of C60 materials will be discussed. 
C60 thin films were prepared by thermal evaporation at a boat temperature with 
450°C. C60 films were irradiated by a 75W Xe lamp in oxygen or nitrogen ambient and 
room temperature. The irradiation lamp intensity on the sample surface was 0.25W/cm . 
The flow rate of both 0 2 and N2 gases were 500ml/min. at one atmosphere. 
ESR experiments were performed for the irradiated C60 films of various thickness in 
oxygen or nitrogen gas ambient. It was found that the initial process of the oxygen effect 
on C60 materials is governed by diffusion process. 
The UV absorption spectroscopy, FTIR spectrum and Mass spectrum supported that 
the Ccn films used in this studies has rather high purify. The surface micrograph obtained 
^ 6 0 
from Atomic Force Microscope (AFM) measurement shows that the films prepared by 
, thermal evaporation are very uniform. These results also will be shown in later sections. 
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4.1.1 Defect studies- ESR measurements 
Fig. 4-1 (a) and (b) shows the typical ESR spectra of an unirradiated and an irradiated 
( sample, respectively. A small ESR signal was detected with a g-value of 2.0024 and 
a line width A ^ of 1.9 gauss in the unirradiated sample. This signal is characteristic of 
carbon-centred dangling bonds which was normally observed in undoped C60 materials. 
After exposure in oxygen ambient, it can be observed that the magnitude of the ESR 
signal evidently increases. There is also broadening in the line-width with the irradiation 
time but the time dependence is different at different stages which will be discussed in the 
following in details. 
Fig. 4-2 and Fig. 4-3 respectively show the areal spin density Ns and the line-width 
Ai^p against irradiation time for three C60 samples of different thicknesses. It can be seen 
that the Ns for all the samples increase with the increasing irradiation time. From the time 
dependence ofN s and AFpp, we can distinguish the time evolution into four regions: 
Region I: Initial stage of oxygen diffusion 
This stage corresponds to an irradiation time of less than about 5 hours (t < 5 hr) 
when Ns increases with the square root of time 
Ns « Vt t < 5 h r (4-1) 
and AHpp is essentially constant. 
Region II: Power 4 rapid increase region 
This region features a rapid increase in Ns which varies as the 4th power of the 
irradiation time 
N s oc t
4
 5 h r < t < 1 0 h r (4-2) 
and there is a corresponding rapid increase in A^pp. The corresponding time interval for 
90 
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Fig.4-1. The typical of ESR spectrum of unirradiated (a) and 
irradiated (b) C60 sample in oxygen ambient 
91 
Chapter 4 Characterization of C60 thin films ^^====== 
- • 1 # 1 3 0 0 A i v ^ / 
m 2# 4200 A ^ ^ ^ 
1 0 1 5 r A 3# 5500 A H I ^ T p O 
-
^ 
^ I I ^ 
•s _ 
I 
1 1 0 1 4 E 




1 13 • … ’ I 1_I i M i i I 1 1~‘ I I I I I 
1 10 100 
Irradiation Time ( hour) 
Fig.4-2 Areal spin density for a few C60 samples of different thickness 
vs irradiation time. 
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Fig.4-3 The ESR linewidth vs irradiation time 
for various thickness C60 sample. 
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this region is from t=5 hr to t=10 hr. 
Region III: Incubation region 
In this region, Ns remains unchanged for about 2 hours (10 hr < t < 12 hr) and AHVP 
even seems to have decreased very slightly. 
Region IV: Linear increase region 
After irradiation for more than 12 hours, then Ns starts to increase linearly with 
irradiation time 
Ns « t , t > 1 2 h r (4-3) 
and Ai7pp also increases rapidly with t. 
A complete understanding of the time dependence of Ns and AH^ in all these four 
regions cannot be obtained from the ESR results alone. It is only evident that the increase 
in the number of the ESR centres in region I shows a diffusion- limited behaviour and 
should be associated with the initial oxygen diffusion into these films. In the other 3 
regions, when more and more oxygen atoms are incorporated into the films there must 
be enhancement in the interaction between the oxygen atoms and the C60 molecules which 
should be responsible for the changes in Ns and A ^ . Qualitatively, the broadening in the 
linewidth is generally associated with the increase in the disorderness in the system which 
c a n be attributed to the increase in the concentration of defect centres. When the 
concentration of the ESR centres reaches such an extent that one centre can sense the 
existence of some other centres located in its vicinity, the interaction between them will 
lead to some changes in the local field and thus the broadening in the line width. The 
reason for the rapid rise in Ns in region II is however not understood. Nor can we 
understand the behaviour in regions III and IV at this moment. More discussions on the 
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time dependence ofNs and AH^ will be given in the next section in conjunction with the 
results of FTIR and mass spectrometry experiments. 
To confirm that these changes in Ns and LH are really due to the effect of oxygen, 
we have performed another series of experiments in which some of the C60 films were 
irradiated partially in nitrogen ambient for a certain time interval. The samples were 
prepared on quartz substrates for ESR measurements and on silicon substrates for FTIR 
and mass spectrometry experiments. The thickness of this series of samples was about 
3000A The irradiation conditions were similar to those of the previous set of samples. 
The results are summarized in Fig. 4-4 which plots the areal spin density of the ESR 
signals of these samples against irradiation time. For samples M and B#, in the first 12 
hours of irradiation, both were irradiated in oxygen ambient. Both of them show all the 
four regions as discussed before. Only that after the sample B# was irradiated in nitrogen 
ambient, the increase in Ns in this sample gradually slowed down and eventually saturation 
occurred which is understandable as a result of shortage in the supply of oxygen. For 
sample C#, the spin density gradually ceased to increase soon after the sample was 
irradiated in nitrogen starting from t=5hrin the middle of region I I Soon after the sample 
was subjected to irradiation in oxygen again from t=12 hr, Ns increases again and then the 
features of region m and IV emerged subsequently. For sample D# which was always 
irradiated in nitrogen ambient, there was also some increase in Ns due to the effect of the 
residual oxygen in the nitrogen gas. However, it only shows the feature of region I which 
gives a difiusion-limited square-root t dependence even after irradiation for several tens 
of hours. These results shown in Fig. 4-4 clearly demonstrated that the ESR signals are 
due to the effect of oxygen. 
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Fig 4_4 ESR total spin dependent on the irradiation time. 
A#: irradiated in 0 2 all the times. 
B#: irradiated in 0 2 from 0.5-12hr., in N2 from 12-40hr. 
C#: irradiated in 02from 0.5-5hr., in N2 from 5-12hr., 
in 0 2 from 12-40hr. 
D#: irradiated in N2 all the times. 
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4.1.2 Structure studies of FTIR and mass spectrum measurements 
Fig.4-5 shows the mass spectrum of as prepared C60 sample. Fig. 4-6 shows the 
FTIR spectra for samples after various irradiation times. The mass spectrum confirmed 
that about 99% of the mass in these films consists of C60 molecules and the remaining 
portion was mainly C70 molecules. Of course, it can be observed that a little amount of 
C60O clusters (737m/z) and C ^ clusters (728m/z) was also detected due to the 
influence of air atmosphere‘ The FTIR spectra show that the four main IR absorption 
bands of C60 molecule at 1429, 1183 577 and 528 cm"1 [ Kratschmer et al 1990] can be 
clearly observed in all the C60 samples before and after irradiation. 
There was little change in the FTIR spectra when the irradiation time is less than 7 
hours. There is also no noticeable change in the mass spectra shown in Fig. 4-7 (a) after 
6 hours and (b) after 7 hours irradiation time in oxygen ambient. Therefore, it indicates 
that the C60 films is optically stable under these irradiation conditions in oxygen ambient. 
As the irradiation time increases, it is seen that the C-O, C-O-C, and C=0 absorption 
bands at 750 ~1300 and -1750 cm"1 [ Rao et al 1993] energy and gradually broadened 
in Fig.4-6. The broadening of the absorption bands are associated with the formation of 
a disordered C60-oxide structure [Rao et al 1993] and the intensity of the C-O-C and 
C=0 stretching modes in seen to have increased with increasing exposure time. However 
C - 0 oxidized carbon mode increases initially with increasing exposure time and then 
turned to C-O-C oxidized carbon bond after 24 hours irradiation. This reveals that the 
environment of the carbon-centred dangling bonds has changed due to the longer 
exposure in oxygen ambient, resulting in the ESR line-width broadening and the 
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Fig.4-6. FTIR sepctra of C60 samples with various irradiatation 
time in oxygen ambient at room temperature. 
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Fig. 4-7 Mass spectrum of the C60 samples with various irradiation time in oxygen 
ambient (a) 6 hours, (b) 7 hours. 
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I Fig. 4-8 (a) and (b) show mass spectra of the C60 films irradiated for 8 and 12 hours 
in oxygen ambient, respectively. The peaks at 761m/z and 788m/z were detected after 
irradiation of 8 hours. This means that C60O2 C60O4 compound clusters were formed. 
After 12 hours irradiation, C60O3 (769m/z) and C60O5 (807m/z) compounds were also 
formed as shown in Fig. 4-8 (b). Maybe certain amounts of diamagnetic [Echegoyen 
1994; Mazen et al 1994] or nonradical carbon-centred species were created during the 
C60Ox (x > 2) clusters formation, resulting in AH^ and Ns intensity has no remarkable 
change from the oxygen dependent ESR spectra during the 8 to 12 hours irradiation 
process. 
Subsequently more than 12 hours irradiation, the amount of C60O compound 
decreased and the C60Ox (x>3) clusters increased as shown in Fig. 4-9. This process was 
associated with the further increase in both AH and Ns with increasing irradiation time. 
The FTIR results are in good agreement with the results of Rao et al [1993] which 
studied the photoassisted oxygen doping of C60 films using FTIR and Raman techniques. 
They also suggested that a distribution of species such as C60Ox are formed with longer 
photoassisted process. However, in our FTIR spectra, it is found that C - 0 mode grew 
initially with increasing irradiation time, and then turned to C-O-C oxidized bond after 
24 hour irradiation. 
It is well known that C60 solid forms a fee lattice at room temperature. In the C60 
molecules, the radius for octahedral holes is 2.0A and that for tetrahedral holes is 1.12A 
[Lieber and Chen 1994]. Therefore, these holes can provide enough spaces for dopants 
to diffuse into the C60 solid and then react with the C60 solid. Fig. 4-10 (a) shows a 
schematic of the C60 molecular packing and (b) shows the model of dopant positions in 
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a doped C60 solid. According to the reports of Fleming et al. [1991a], Zhou et al. [1991] 
and Murphy et al. [1991] the structures of doped C60 compounds SXC60 are decided by 
the S:C60 ratio where S is dopant. If the x <3, the structures of the doped C60 are still fee 
lattice. This means that the dopants only fill into the tetrahedral and octahedral holes of 
C60 solids. If x > 3 such as x 4 6 neither of these doped C60 samples has the fee 
structure. The x-ray diffraction measurement show that S4C60 has a body-centred 
tetragonal (bet) structure shown in Fig.4-10 (c) and S6C60 has a body-centred cubic (bcc) 
structure shown in Fig. 4-10 (d). Although, it is known that the C60 films are normally in 
amorphous phase, there is still short range order which preserves some of the 
microcrystalline structures. Hence, the above discussion is also applicable to understand 
the oxygen effects on the ESR results in this work. It is believed that the structure of the 
C60 molecular packing has been changed by the incorporation of the oxygen atoms from 
C
 0O to C60Ox ( x >1) compounds with increasing irradiation time. This should be 
responsible for the complicated irradiation time dependence of the areal spin density and 
the line width of the ESR signals though the details of an exact microscopic model has 
not been available at the moment. 
The study of the electrical properties of these films by conductivity measurements has 
also been attempted. However, even the conductivity for the undoped C60 films is found 
t 0 b e too low to be measured directly at a temperature of 420K in our measurement 
system. As many papers reported that the resistivity of C60 materials increases due to 
oxidation reaction [ Aral et al 1992; Kazaoui et al 1994; Jaime and Regueiro 1995] the 
conductivity of the oxidized C60 samples is too low to be determined with the facility in 
our laboratory. 
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^ t e t r a h e d r a l s i r e 
(b) 
(c) (d) 
Fig 4.10 (a) Schematic of individual clusters in the fee lattice solid C60. The C60 clusters 
are represented by grey shaded spheres in this model, (b) Schematic of the packing in the 
S C fee solid The dopants, which are represented by smaller grey spheres, fill the 
octahedral and tetrahedral holes that exists in the fee C^ lattice, (c) Body-centred 
tetragonal S4C60, (d) body-centred cubic S6C60. 
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4.2 A Study of The Properties of Sn Doped C60 Films 
High purity, 99% C60 powder which was purchased from The Institute of Physics and 
Chemistry of Central South University of Technology in China and 99.99% Sn metal were 
used in the co-evaporation process. Before evaporation, C60 powder was baked at 250°C 
for 30 minutes under a vacuum of KT6 Torr to remove solvents. Through controlling the 
temperature of the boat containing Sn, C60 thin films with different Sn content can be 
obtained. The temperature of the boat containing C60 powder was kept at 450°C. The 
temperatures of the Sn boat, T(Sn), were kept at 450 C 500°C, 700 C 750 C and 
850°C for various samples of different Sn content. Quartz substrates were used for 
electrical conductivity and Hall effect experiments and silicon substrates were used for 
FTIR measurements. The distance between either boats and the substrate was 10cm. The 
FTIR spectra were measured with a Bio-Rad model FTS-60A spectrometer at room 
temperature. The Hall effect experiments for the Sn-doped C60 films were carried out 
with a Bio-Rad Mcroscience HL5500 system. Electrical conductivity measurements were 
performed in vacuum in dark with a HP4339A high resistance meter at the temperature 
range from 20K to 420K. The samples were first heated to 420K and the data were 
obtained during the cooling cycle. The reason and necessity of this procedure will be 
further discussed in later sections. 
The surface morphology of the samples were performed with a Nanoscope HI AFM 
system from Digital Instrument. 
The colour for different Sn doped C60 samples varies from light yellow to dark with 
increasing Sn content in the C60 films. 
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4.2.1 Surface morphology 
Fig. 4-11 shows the surface morphology by AFM measurements of undoped and Sn-
doped C60 films on silicon substrate: (a) undoped C60 film; the boat temperature 
containing Sn metal was (b)T (Sn) = 500°C, (c) T (Sn) =700°C and (d) T (Sn) = 850 C. 
The surface morphology of the undoped C60 film shows very uniform features and is 
similar to these reported in the paper published by Hebard et al [1995] recently. As the 
evaporation temperature of the Sn boat increase, the surface morphology for various boat 
temperatures are significantly different. The hillock size increase a lot with increasing 
T(Sn). This may be related to the amounts incorporated of Sn atoms which reacted with 
the C60 molecules to form the large size Sn doped C60 clusters. 
4.2.2 The electrical and defect properties 
The temperature dependence of electrical conductivity for the Sn-doped films is 
shown in Fig. 4-12. Note that for the undoped C60 films, the conductivity is in fact too 
low to be measured directly even at 420K. The temperature dependence of the electrical 
conductivity of most of the Sn-doped C60 films shows semiconducting behaviour in the 
temperature range from 20K to 420K. It is supposed that the Sn atoms have reacted with 
the C60 molecules and the C60 films have been effectively doped by the Sn atoms by co-
evaporation. 
As mentioned earlier in this section, for the electrical conductivity measurements, the 
samples were first heated up to 420K and the data were obtained during the cooling cycle. 
This procedure was found to be necessary to ensure that reproducible results were 
obtained. Without employing this heating up procedure, we found that the aRT values 
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J^M 
Fig. 4-11 The surface morphology by AFM measurements of undoped and Sn-doped 
C^ films on silicon substrate: (a) undoped C60 films, (b) Sn-doped C60 films 
at T(Sn)=500°C. 
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. 
Fig 4_i i The surface morphology by AFM measurements of Sn-doped C60 films on 
silicon substrate: (c) T(Sn)=700°C, (d) T(Sn)=850°C. 
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obtained for samples being stored in air for a few days were in general smaller than those 
obtained when they were freshly prepared. This effect is more severe for samples with 
high Sn content. In fact, for the sample with a T(Sn) of 850°C, a more than two orders 
of magnitude reduction in aRT was observed after storing in air for several days. But the 
aRT value of the freshly prepared sample was recovered after the heating up procedure. 
We believe that this is due to the effect of oxygen incorporation in these C60 films. The 
oxygen atoms are driven out from the films by the heating up treatment in vacuum. This 
speculation is consistent with our FTIR results to be discussed later which show that the 
samples of higher Sn content do contain more oxygen. 
However, no superconducting behaviour was observed in our Sn-doped C60 films in 
contrast to that reported by Gu et al [1991] who have observed superconducting 
behaviour in their Sn-doped C60 solid samples prepared by heating C60/Sn mixture 
powders to 550°C for 30 days. They found that there is a sharp decline in the temperature 
dependence of the AC susceptibility at about 20K, and the superconducting on-set 
temperature can be as high as 37K. However according to another report, there is no sign 
of superconductivity in Sn-doped films prepared by annealing a 100A thick C60 film with 
6A thick Sn overlayer at 200°C [Deng et al 1992]. This is consistent with our results that 
there is no sign of superconducting behaviour in our thin film samples. It is nevertheless 
observed that the conductivity of the films of higher Sn, content (T(Sn)=750 C, 850°C ) 
is almost constant over a fairly wide temperature range from 20K to 90K, above which 
it shows the usual semiconducting behaviour of thermally activated temperature 
dependence of conductivity. 
Hall effect measurements on the Sn-doped C60 films with T(Sn) > 750 C were 
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performed at room temperature. The result indicated that the Sn -doped C60 films are n-
type materials and Sn atoms act as donors in the doped C60 films. 
Fig.4-13(a) and 4-13(b) show respectively the room temperature dark DC 
conductivity a R T and the conductivity activation energy Ea determined at room 
temperature for samples prepared at various boat temperatures of the Sn source. It is 
seen that aR T varies with deposition conditions and increases with T(Sn). Obviously, the 
Sn content in the film is also related to T(Sn): a higher T(Sn) is expected to give a higher 
Sn content, though a quantitative relation has not been determined. The activation energy 
E is found to decrease with increasing Sn content to a value as low as 0.18eV for a 
a 
T(Sn) value of 850°C. It is also noted that there is an abrupt increase in a R T occurring 
at T(Sn)=700°C. Correspondingly, there is an abrupt decrease in Ea at this T(Sn). We 
believe that this abrupt change is a reflection of the temperature dependence of the 
effectiveness of Sn incorporation by the co-evaporation method. Sn evaporation is much 
more effective at T(Sn) beyond 700°C than below that temperature. 
A typical ESR spectrum of Sn-doped C60 films is shown in Fig.4-14. The central 
main peak of Lorentzian shape with a g-value ofgl=2.0024 and AHpp= 1.8 gauss is 
characteristic of carbon-centred radicals which is normally observed for all the undoped 
C materials. It is clearly seen that besides the big ESR signal of g-value g1? there is a 
60 ^ 
new ESR signal for all the doped C60 films. The g-factor and peak-to-peak lmewidth of 
the new signal are g2 =2.0003 and 1.12 gauss, respectively. Fig.4-15 shows the 
dependence of the ratio of the spin density of the new signal g2 to that of the carbon-
centred signal
 g l on T(Sn), and therefore on Sn content. It can be seen that the spin 
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Fig.4-13 (a) Room temperature conductivity, aRT, and (b) activation 
energy at room temperature, Ea, versus boat temperature of 
the Sn source, T(Sn). 
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Fig.4-14 A typical electron spin resonance spectrum of a Sn-doped C60 thin film 
sample. The spectrum consists of two components: the larger main peak with 
a g-value
 Ofg=2.0024 is characteristic of carbon centred radicals and the other 
small signal ^ t h a g-value of & 2.0003 is associated with the Sn doping. 
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Fig.4-15 Ratio of the spin density of the signal to that of the signal gx 
versus boat temperature of the Sn source, T(Sn). 
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signal is believed to be a characteristic of the Sn-doped C60 materials. It is also seen that 
in Fig.4-15 there is an abrupt change of slope in the spin density ratio at T(Sn)=700°C. 
This, like the aRT versus T(Sn) result shown in Fig.4-13a, is believed to be due to the 
abrupt increase in Sn content in the films prepared at this T(Sn). The similarity between 
the shape of the two curves in Fig.4-13a and Fig.4-15 suggests that the g2 signal is 
associated with the Sn doping though a clear understanding on the relationship between 
aRT and the spin density of the g2 signal is not available yet. 
4.2.3 Optical study 
Fig.4-16 shows the infrared transmission spectra of a few Sn-doped C60 samples with 
various T(Sn) as well as that of an undoped sample. The four main IR absorption peaks 
0 fC 6 0 molecules at 1429, 1183 577 and 528cm.1 [Kratschmer etal 1990] are clearly 
observed in the undoped C60 films. Much more complicated spectra are observed for the 
doped films but the same four main peaks ofC60 remains clearly seen. More elaborated 
work is required to achieve a complete interpretation of the IR spectra for the Sn-doped 
films. Here we shall only briefly touch on two more observations. The absorption in the 
range from 1400-1800^1 is generally attributed to metal-carbon bonds [Zhao et al 
1994]. Therefore, it is evident from our FTIR results that a significant amount of Sn 
atoms do have been incorporated in the C60 films prepared with T(Sn) higher than about 
700 C. It is also noted that oxygen and moisture will react with Sr^Qo films when the 
films a r e exposed to air [Zhao a/. 1994]. The absorption peak at 103Ocm"1 is attributed 
to C - 0 bonds [Rao ^ a/. 1993]. The FTIR spectra shown in Fig.4-16 indicate that there 
are more oxygen content in the films with higher Sn content. This supports our 
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Fig.4-16 Fourier transform infrared absorption spectra of the C60 films undoped 
and Sn-doped with various boat temperature of the Sn source T(Sn) 
as indicated. 
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speculation on the effect of oxygen incorporation to the electrical conductivity 
measurement as discussed earlier. 
Fig. 4-17 shows the absorption spectroscopy of various Sn content C60 samples 
between 260 and 700 nm wavelength at room temperature. This measurement was done 
with the optical absorption system in our laboratory. It is seen that the undoped C60 
sample shows the standard absorption spectroscopy of C60 materials at room temperature. 
It is also observed that absorption intensity in the larger wavelength increased due to Sn 
doping in these C60 samples. It should be pointed out that the absorption spectroscopy 
of the highest Sn content sample was not detected due to the large thickness of the film. 
4.2.4 Structure analysis——Mass spectrum 
Fig.4-18. shows the positive ion MALDI mass spectrum of higher Sn-doped C60 
sample which was evaporated at a T(Sn) of 800°C. It is seen that the main content in 
sample is still C60. It is confirmed that C60Snx compounds were formed by co-
evaporation doping method. For example, the mass at 1068m/z and 1187m/z cluster 
mean that C60Sn2(O) compound was formed, respectively. The peak at 948m/z means 
that the C70Sn compound was also created. The peak at 791m/z means that there are 
some C60OxHy compounds created. From the mass spectrum measurement, it is also 
confirmed that the Sn doped C60 films are very sensitive to the air. 
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Fig.4-17 Ultraviolet-visible absorption spectra of C60 samples 
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I CHAPTER 5 Conclusion 
The present thesis is focus on the studies of the growth, modification and 
characterization of carbon based thin film materials including hydrogenated amorphous 
carbon thin films and C60 thin films. 
5.1 Hydrogenated amorphous carbon 
Hydrogenated amorphous carbon films were deposited by rf. glow discharge method, 
and then were doped by ion implantation technique. Multiple-energy F+ implantation was 
performed to achieve relatively flat fluorine profiles in a-C:H thin films. SIMS results 
verified that the fluorine implantation doses are consistent with the nominated doses. 
The aim of the present work is to explore details on the effect of fluorine in the 
a-C:H thin films. The optical and electrical characteristics of the implanted a-C:H films 
as a function of CF have been investigated. An increase of more than 10 orders of 
magnitude in the room temperature conductivity have been obtained between the highest 
Cp sample and the unimplanted sample. The activation energy Ea also drops significantly 
from 1.05eV for the unimplanted sample to 0.21eV for the implanted sample with CF of 
3xl021cm"3. The implanted a-C:H films have been effectively doped when CF exceeds 
about 1020cm-3. We found that all the measured properties show peculiar CF dependence 
and either a maximum or sharp changes occur at a CF value around 1019cm_3. These 
results are associated with two effects of fluorine implantation. One effect is that the 
implanted fluorine atoms can effectively reduce the number of ^bonds and increase the 
s p 3 / s p2 r a t i o i n a . C ;H films. Therefore the density of the Gaussian-like band states, as 
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shown in Fig. 1-2 or Fig. 3-9(a) corresponding to the tu-electrons, is significantly 
suppressed, leading to an increase of the sp3/sp2 ratio in these films. This effect is 
responsible for the increase of E043 high PL efficiency, low electrical conductivity, and an 
a-Si:H -like shape of the absorption spectra for CF<1019cm"3. And other hand, this effect 
of fluorine can improve the doping efficiency in a-C:H films [Robertson 1987]. 
Another effect is heavy implantation damage. For higher dose implantation, the 
effect of radiation damage becomes more and more important. This leads to the increase 
3 2 
in the density of defect gap states, and also the conversion of sp bonds ofa-C:H to sp 
bonds. The value of E04 decreases, and so dose PL efficiency. The increase in the sp2 
states is also responsible for the high conductivity in the high dose implanted samples 
because of the enhancement in the n states density. 
The nonlinear electrical conductivities ofa-C:H thin films were observed before and 
after fluorine implantation in electric fields up to 2.5x10s V/cm at temperatures from 
100K to 450K. The conductivity varied at least one order of magnitude in the presence 
of high filed for all the implanted samples. An empirical electric field dependence has been 
found to fit the experimental data reasonably good. It is also found that the nonlinear 
effect of fluorine implanted a-C:H samples are smaller than that of fluorine implanted 
a-Si:H samples. The possibility of explaining the empirical relation via a variable-range 
hopping mechanism has been discussed. 
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5.2 Fullerene - C60 
The stability problem is one of the most important topics in Fullerenes studies. 
The photoassited effect of oxygen and nitrogen on C60 films was studied with ESR, FTIR 
and Mass Spectrum measurements. From the ESR measurement, it is found that oxygen 
effect has two main processes. FTIR and Mass spectra results supported this finding. 
We found from ESR experiments that four stages can be identified during the process 
j of photoexcitation of C60 films in oxygen, i.e.. indicating a diffusion limited 
process. In stage II Ns was found to increase rapidly with the 4th power of irradiation 
time, i.e. Ns « t4. In stage III, Ns was found to remain unchanged with time. At last, in 
stage IV Ns increases again but linearly with time. These ESR results are discussed in 
conjunction with the results from FTIR and mass spectrometry experiments. 
Nitrogen gases have minor effect on the stability of C60 materials. This is probably 
due to the electro-negativity of nitrogen atom being smaller than that of oxygen atom. 
An important property ofC60 materials is that it can be doped. This property leads 
r materials to have many potential applications. Sn doped C60 samples were 60 
successfully prepared with co-evaporation method. Through controlling the temperature 
of the boat containing Sn, C60 thin films with different Sn content can be obtained. The 
temperature dependence of the electrical conductivity of these Sn-doped C60 films shows 
semiconducting behaviour in the temperature range from 20K to 420K and the 
conductivity type is n-type. Besides the ESR signal ofg=2.0024 normally observed for 
all the C60 samples, a new ESR signal of g=2.0003 was observed for the Sn-doped C60 
samples. FTIR and Mass spectra verified that the Sn atoms have reacted with C60 
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molecules to form Sr^ Cgo compounds during deposition. 
The surface morphology is significant different for the undoped and doped samples. 
It shows that hillocks of much large size were formed at the higher Sn evaporation 
temperature. This is related to the growth of SrixQ compounds. 
However, it is also found that Sn doped C60 samples were not stability in air. Oxygen 
and moisture in air can be absorbed into the samples surface to reduce the conductivity. 
This process is found to be reversible. 
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CHAPTER 6 Future works 
The properties of carbon based materials including the fluorine implanted aC:H films 
and C60 films were studies with electrical and optical measurements. Some new findings 
were obtained during studies. However, there are still lots of researches needed to be 
performed on these carbon based materials. Here are summarized some suggestions on 
possible fixture works. 
6.1 Amorphous carbon films 
It is found that effective doping effect can be achieved when the fluorine implanted 
dose exceeding certain higher dose. However, the FTIR spectrum did not show any 
formation of fluorine -carbon bonds. PDS spectra indicated that the increasing of band 
gap states due to the implantation damages that should be associated with the increasing 
of the conductivity. Therefore, experiments such as XPS are needed to confirm the 
electrical conduction mechanism after fluorine implantation. 
6.2 C60 materials 
The stability problem of C60 materials very seriously affects the C60 properties and its 
applications. Therefore, it is necessary to improve the stability by some methods. 
We know that the effect of oxygen on C60 materials is a reversible process after 
suitable annealing. The ESR results in our measurements show that there are different 
processes which are associate with the irradiation time in oxygen ambient. Therefore, it 
is necessary to confirm which process is reversible. 
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The surface morphology of doped C60 materials showed significant different from 
the undoped C60. Therefore, it should be studied in details with different evaporation 
temperature of C60 or various dopants. 
On the other hands, it is better to set up a temperature controller on the thermal 
evaporation substrate holder. Therefore, the doped C60 films can be prepared not only 
with different dopant content but also with different substrate temperature. 
In order to obtain more information on the Sn-doped C60 samples, it is necessary to 
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Fig 1 Typical deconqjosition of (a) the main resonance into a large Lorentzian 
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